Modulacija signalnih poti interlevkina-6 z uporabo orodij genske terapije za zdravljenje kroničnih vnetnih bolezni by Orehek, Sara
UNIVERSITY OF LJUBLJANA 
BIOTECHNICAL FACULTY 















MODULATION OF IL-6 SIGNALING AXIS BY 
SPLICE-SWITCHING GENE THERAPY TOOLS AS A 




M. SC. THESIS 








UNIVERSITY OF LJUBLJANA 
BIOTECHNICAL FACULTY 













MODULATION OF IL-6 SIGNALING AXIS BY SPLICE-SWITCHING 
GENE THERAPY TOOLS AS A NOVEL THERAPY AGAINST 
CHRONIC INFLAMMATORY DISEASES 
 
M.SC. THESIS 
Master Study Programmes 
 
 
MODULACIJA SIGNALNIH POTI INTERLEVKINA-6 Z UPORABO 














Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




This M. Sc. Thesis is the completion of the Master Study Programme in Biotechnology at 
the Biotechnical Faculty, University of Ljubljana. The work was carried out in the 
laboratory of the Clinical Research Center, Department of Laboratory Medicine, Unit for 
Molecular Cell Biology and Gene Therapy Science, at the Karolinska Institutet in 
Stockholm, Sweden. 
Magistrsko delo je zaključek Magistrskega študijskega programa 2. stopnje – 
Biotehnologija na Biotehniški fakulteti Univerze v Ljubljani. Opravljeno je bilo v 
laboratoriju Oddelka za molekularno biologijo in gensko terapijo Kliničnega centra v 
sklopu Karolinska Institutet v Stockholmu na Švedskem.  
The Council of the 1st and 2nd cycle studies appointed Professor Borut Štrukelj, PhD, as a 
supervisor, Assistant Professor Samir El-Andaloussi, PhD, as co-supervisor, and Professor 
Simon Horvat, PhD, as a reviewer of the M. Sc. Thesis. 
Komisija za študij 1. in 2. stopnje je za mentorja magistrskega dela imenovala prof. dr. 
Boruta Štruklja, za somentorja doc. dr. Samirja El-Andaloussija in za recenzenta prof. dr. 
Simona Horvata. 
Committee evaluation and defense (komisija za oceno in zagovor): 
 
Chairman (predsednica):  prof. dr. Mojca NARAT 
University of Ljubljana, Biotechnical Faculty, 
Department of Animal Science 
Univerza v Ljubljani, Biotehniška fakulteta, Oddelek za 
zootehniko 
 
Member (član):  prof. dr. Borut ŠTRUKELJ 
University of Ljubljana, Faculty of Pharmacy, 
Department of Pharmaceutical Biology 
Univerza v Ljubljani, Fakulteta za farmacijo, Katedra za 
farmacevtsko biologijo 
 
Member (član):  doc. dr. Samir EL-ANDALOUSSI 
Clinical Research Center, Department of Laboratory 
Medicine, Karolinska Institutet 
Karolinska Institutet, Klinični center, Oddelek za 
molekularno biologijo in gensko terapijo 
 
Member (član):  prof. dr. Simon HORVAT  
University of Ljubljana, Biotechnical Faculty, 
Department of Animal Science 




Date of defence (datum zagovora): 10.09.2018  
III 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




KEY WORDS DOCUMENTATION 
DN Du2 
DC UDC 606:616-056.7:57.088 (043.2) 
CX Interleukin-6, splice-switching oligonucleotides, glycoprotein 130, soluble glycoprotein 
130, gene therapy, chronic inflammatory diseases, IL-6 trans-signaling, biotechnology 
AU  OREHEK, Sara 
AA  ŠTRUKELJ, Borut (supervisor), EL-ANDALOUSSI, Samir (co-advisor) 
PP  SI-1000 Ljubljana, Jamnikarjeva 101 
PB  University of Ljubljana, Biotechnical Faculty, Master Study Programme in Biotechnology 
PY  2018 
TI  MODULATION OF IL-6 SIGNALING AXIS BY SPLICE-SWITCHING GENE 
THERAPY TOOLS AS A NOVEL THERAPY AGAINST CHRONIC 
INFLAMMATORY DISEASES 
DT  M. Sc. Thesis (Master Study Programmes) 
NO  XII, 92 p., 1 tab., 26 fig., 81 ref. 
LA  en 
AL  en/sl 
AB  Chronic inflammatory diseases are debilitating lifelong illnesses, whose development and 
emergence mechanisms are strongly correlated with dysregulation of cytokine signaling 
network. It has been shown that IL-6 trans-signaling is a major inflammation mediator involved 
in multiple pathogeneses, including development, progression and maintenance of many chronic 
inflammatory diseases and various types of cancer. Therefore, IL-6 trans-signaling represents an 
ideal target for new anti-inflammatory and anti-cancer remedies. The scope of this study was to 
induce exon skipping in exons 9 and 15 of Gp130 pre-mRNA by a splice-switching gene 
therapy, thus generating soluble Gp130 protein isoforms sGp130-RAPS and sGp130-Sharkey, 
respectively. Soluble Gp130 variants, which lack transmembrane and cytoplasmic domains, are 
natural antagonists of the IL-6 trans-signaling, and therefore constitute a promising therapeutic 
modality for the treatment of IL-6 induced ailments. By altering alternative splicing using 
specially designed 2′O-Me-PS SSOs, targeted against 5′ss, 3′ss, and ESE of Gp130 exon 9 and 
exon 15, we were able to obtain sGp130-RAPS and sGp130-Sharkey mRNA in different human 
and mouse cells. At the protein level, soluble isoforms could not be detected, since mRNA 
sequences with altered alternative splicing are frequently a substrate of NMD and do not 
translate into proteins. Furthermore, a double downregulating effect was seen upon SSO 
treatment, indicating that SSOs impact both soluble and full-length membrane bound Gp130 
receptor productions. From a therapeutic point of view, double downregulation of Gp130 is a 
positive effect, since the disease pathogenesis can be suppressed while vital IL-6 functions 
remain intact. Alongside classical exon skipping, alternative intronic polyadenylation represents 
additional mechanism for obtaining protein isoforms, moreover mRNAs arose from usage of the 
intronic PAS are naturally immune to NMD. To avoid the mRNAs undergoing NMD, Gp130 
gene was screened for intronic PASs. Presumably, intronic PASs were found in human Gp130 
introns 9, 10 and 11. Based on the results, SSO treatment holds a great promise as a novel 
therapy against chronic inflammatory diseases. The potential also lies in the usage of naturally 
present intronic PAS in Gp130 gene. In the future, both approaches for production of soluble 
protein isoforms could be used as an anti-inflammation remedy. 
IV 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




KLJUČNA DOKUMENTACIJSKA INFORMACIJA 
ŠD Du2 
DK UDK 606:616-056.7:57.088 (043.2) 
KG Interlevkin-6, oligonukleotidi, ki povzročijo preklopitev izrezovanja, glikoprotein 130, 
topen glikoprotein 130, genska terapija, kronične vnetne bolezni, trans-signaliziranje IL-6, 
biotehnologija 
AV  OREHEK, Sara 
SA  ŠTRUKELJ, Borut (mentor), El-ANDALOUSSI, Samir (somentor) 
KZ  SI-1000 Ljubljana, Jamnikarjeva 101 
ZA  Univerza v Ljubljani, Biotehniška fakulteta, Študij biotehnologije, Magistrski študijski 
program druge stopnje Biotehnologija 
LI  2018 
IN  MODULACIJA SIGNALNIH POTI INTERLEVKINA-6 Z UPORABO ORODIJ 
GENSKE TERAPIJE ZA ZDRAVLJENJE KRONIČNIH VNETNIH BOLEZNI 
TD  Magistrsko delo (Magistrski študij – 2. stopnja) 
OP  XII, 92 str., 1 pregl., 26 sl., 81 vir. 
IJ  en 
JI  en/sl 
AI  Kronične vnetne bolezni so izčrpavajoče dolgotrajne bolezni, njihov nastanek in razvoj pa sta močno 
povezana z disregulacijo v signalnem omrežju citokinov. Rezultati številnih raziskav so pokazali, da 
je trans-signaliziranje interlevkina 6 (IL-6) pomemben vnetni mediator, ki je prisoten v mnogih 
patogenezah, ki zajemajo razvoj, napredovanje in vzdrževanje številnih kroničnih vnetnih bolezni in 
različnih vrst raka. Zato se moramo nanj osredotočiti pri razvoju novih protivnetnih zdravil in zdravil, 
ki preprečujejo raka. Glavni namen te magistrske naloge je, da bi z gensko terapijo preklopitve 
izrezovanja (splice-switching) spodbudili alternativno izrezovanje eksonov 9 in 15 na primarnem 
prepisu RNA (pre-mRNA) glikoproteina 130 (Gp130), s čimer bi tvorili topni izoobliki Gp130, 
imenovani sGp130-RAPS in sGp130-Sharkey. Topne izooblike namreč nimajo transmembranskih in 
citoplazemskih domen ter so naravni antagonisti trans-signaliziranja IL-6, zato predstavljajo obetaven 
pristop k zdravljenju obolenj, ki so posledica provnetnega delovanja IL-6. Z uporabo posebej 
izdelanih oligonukleotidov, ki povzročijo preklopitev izrezovanja (SSO), usmerjenih proti 
spojitvenima mestoma 5′ in 3′, ter eksonskih ojačevalcev (ESE) za eksona 9 in 15, smo spremenili 
alternativno izrezovanje in uspešno pridobili informacijski RNA (mRNA) obeh topnih izooblik 
Gp130 v različnih človeških in mišjih celičnih linijah. Na ravni proteinov ni bilo mogoče zaslediti 
topnih izooblik, saj so zaporedja mRNA s spremenjenim alternativnim izrezovanjem pogosto 
substrati nesmiselno povzročenega razpada (NMD) in se ne pretvarjajo v proteine. Poleg tega je 
tretiranje izbranih celic s SSO privedlo do dvojnega zniževanja ravni izražanja Gp130, kar pomeni, 
da so oligonukleotidi vplivali na proizvodnjo tako topnih izooblik kot tudi celotnih, na membrano 
vezanih receptorjev Gp130. Za zdravljenje predstavlja dvojno zniževanje ravni izražanja Gp130 
pozitivni vidik, saj omogoča zaviranje patogeneze bolezni, pri tem pa ohranja pomembne funkcije 
IL-6 nedotaknjene. Ob klasičnem alternativnem izrezovanju eksonov predstavlja alternativna 
intronska poliadenilacija (IPA) dodaten mehanizem za pridobivanje izooblik proteinov. Poleg tega so 
zaporedja mRNA, ki so nastala kot posledica uporabe intronskih alternativnih poli(A) mest (PAS), 
naravno imuna na NMD. Da bi se izognili nesmiselno povzročenemu razpadu pri zaporedjih mRNA, 
smo v genu za Gp130 preverili še prisotnost intronskih mest PAS; ta so bila domnevno prisotna v 
intronih 9, 10 in 11. Na podlagi dobljenih rezultatov lahko zaključimo, da imajo SSO in uporaba 
naravno prisotnih intronskih mest PAS v genu za Gp130 potencial kot novi obliki terapije za 
zdravljenje kroničnih vnetnih bolezni. V prihodnosti bi obe metodi za pridobivanje topnih izooblik 
proteinov lahko uporabljali kot protivnetno zdravilo.  
V 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




TABLE OF CONTENTS 
KEY WORDS DOCUMENTATION ................................................................................. III 
KLJUČNA DOKUMENTACIJSKA INFORMACIJA ....................................................... IV 
TABLE OF CONTENTS ..................................................................................................... V 
LIST OF TABLES ............................................................................................................. VII 
LIST OF FIGURES .......................................................................................................... VIII 
ABBREVIATIONS AND SYMBOLS ................................................................................ X 
1 INTRODUCTION .......................................................................................................... 1 
2 LITERATURE REVIEW .............................................................................................. 2 
2.1 CYTOKINES AND THEIR ROLE IN INFLAMMATION ..................................... 2 
2.2 INTERLEUKIN 6 ...................................................................................................... 4 
2.2.1 Structure of the IL-6 protein ........................................................................... 4 
2.2.2 IL-6 signaling .................................................................................................... 5 
2.2.3 Regulation of IL-6 expression .......................................................................... 8 
2.2.4 Biological functions of IL-6 .............................................................................. 8 
2.3 IL-6 AND DISEASES ............................................................................................... 9 
2.4 THERAPEUTIC BLOCKING OF IL-6 .................................................................. 11 
2.5 SOLUBLE Gp130 ................................................................................................... 12 
2.6 ALTERNATIVE SPLICING OF Gp130 ................................................................. 13 
2.7 INTRONIC POLYADENYLATION ...................................................................... 16 
2.8 SPLICE-SWITCHING OLIGONUCLEOTIDES ................................................... 16 
3 AIMS AND HYPOTHESIS ......................................................................................... 20 
4 MATERIALS AND METHODS ................................................................................. 21 
4.1 CELL CULTURES .................................................................................................. 21 
4.2 DESIGNING OF SPLICE-SWITCHING OLIGONUCLEOTIDES ...................... 21 
4.3 SSOs AND PLASMID TRANSFECTIONS ........................................................... 22 
4.4 RNA EXTRACTION AND REVERSE TRANSCRIPTION-PCR (RT-PCR) ....... 22 
4.5 LUCIFERASE AND PROTEIN ASSAY ............................................................... 25 
4.6 ALKALINE PHOSPHATASE ASSAY .................................................................. 26 
4.7 FLOW CYTOMETRY ............................................................................................ 26 
4.8 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) ............................... 26 
4.9 WESTERN BLOT (WB) ......................................................................................... 27 
4.10 EPIGALLOCATECHIN-3-GALLATE (EGCG) .................................................... 28 
VI 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




4.11 HEAT TRANSFORMATION ................................................................................. 28 
4.12 ALTERNATIVE INTRONIC POLYADENYLATION (IPA) ............................... 28 
4.13 SEQUENCING ........................................................................................................ 29 
5 RESULTS ...................................................................................................................... 30 
5.1 ENDOGENOUS EXPRESSION OF Gp130 IN HUMAN AND MOUSE CELLS 30 
5.2 SCREENING OF 2′-O-Me-PS SSOs TARGETED AGAINST EXON 9 AND 
EXON 15 IN HUMAN AND MOUSE Gp130, AND IDENTIFICATION OF A 
SOLUBLE Gp130 RECEPTOR mRNA ................................................................. 31 
5.3 STAT3 PHOSPHORYLATION IN HEK-Blue™ AND HeLa STAT3 REPORTER 
CELL LINES ........................................................................................................... 36 
5.4 SSOs INDUCED DOWN REGULATION OF IL-6 SIGNALING 
TRANSDUCTION IN HeLa STAT3 REPORTER CELL LINE ............................ 40 
5.5 DOWNREGULATION OF THE CELL SURFACE Gp130 IN THE N2a CELLS 41 
5.6 DETECTING THE sGp130 ISOFORMS IN CULTURE SUPERNATANTS ....... 43 
5.7 INDUCTION OF sGp130 BY EPIGALLOCATECHIN-3-GALLATE ................. 47 
5.8 ALTERNATIVE INTRONIC POLYADENYLATION IN Gp130 GENE ............ 51 
5.8.1 Screening for intronic polyadenylation sites in Gp130 gene ....................... 51 
5.8.2 Sequencing of the potential intronic PAS ..................................................... 61 
5.8.3 ELISA and Western blot analysis of decoy D1 treated cells ....................... 67 
6 DISCUSSION ................................................................................................................ 72 
6.1 INDUCTION OF sGp130 ISOFORMS BY DIFFERENTIAL SPLICING ............ 72 
6.2 IL-6 SIGNALING PATHWAYS ............................................................................ 73 
6.3 sGp130 ISOFORMS AT THE PROTEIN LEVEL ................................................. 74 
6.4 EGCG ...................................................................................................................... 75 
6.5 ALTERNATIVE INTRONIC POLYADENILATION ........................................... 75 
7 CONCLUSIONS ........................................................................................................... 77 
8 SUMMARY (POVZETEK) ......................................................................................... 79 
8.1 SUMMARY ............................................................................................................. 79 
8.2 POVZETEK ............................................................................................................. 80 







Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




LIST OF TABLES 




Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




LIST OF FIGURES 
 
Figure 1: Structure of IL-6 protein. Four long helices (A to D) are highlighted in different 
colors, and receptor-binding sites I, II, and III are marked by circles (Heinrich et al., 2003: 
3) ............................................................................................................................................ 5 
Figure 2: Gp130 mediated IL-6 cis- and trans-signaling...................................................... 7 
Figure 3: Types of alternative splicing events (Matlin et al., 2005: 388) .......................... 14 
Figure 4: Structure of the Gp130 and four distinct soluble variants generated by alternative 
splicing and alternative polyadenylation (figure adapted from Sommer et al., 2014: 22144)
 ............................................................................................................................................. 15 
Figure 5: Induction of the soluble isoform by alternative polyadenylation (Vorlová et al., 
2011: 14) .............................................................................................................................. 16 
Figure 6: Exon skipping induced by recruitment of the SSO which alters splice site and 
prevents spliceosome assembly to the targeted transcript (Kole and Leppert, 2012: 2) ..... 17 
Figure 7: Synthetic oligonucleotide chemistries (Bauman et al., 2009: 4) ........................ 18 
Figure 8: Endogenous expression of Gp130 receptor in different human (Huh7, 
HEK293T, HeLa and Caco-2) and mouse (C2C12 and N2a) cell lines .............................. 30 
Figure 9: Different 2′-O-Me-PS SSOs designed for Gp130 exon 9 and exon 15 skipping 
with their respective splice elements. .................................................................................. 32 
Figure 10: Screening of SSOs targeted against exon 9 and exon 15 in human Huh7 and 
HEK293T cell lines ............................................................................................................. 34 
Figure 11: Screening of SSOs targeted against exon 9 and exon 15 in mouse C2C12 and 
N2a cell lines ....................................................................................................................... 36 
Figure 12: SEAP activity in HEK-Blue™ IL-6 reporter cell line, triggered by TNFα and/or 
HIL-6 ................................................................................................................................... 38 
Figure 13: Relative Light Unit RLU/mg protein in HeLa STAT3 Luciferase reporter cell 
line, induced by TNFα, sIL-6R and/or HIL-6 ..................................................................... 39 
Figure 14: Relative Light Unit RLU/mg protein in HeLa STAT3 Luciferase reporter cell 
line after the treatment with 9-1, 9-3 and 15-2 SSOs .......................................................... 40 
Figure 15: FlowJo analysis of the mGp130 expression after the treatment with 9-1, 9-3, 
15-1 and 15-3 SSOs, and 705 SSO as a negative control .................................................... 42 
Figure 16: ELISA analysis of the sGp130 expression in HeLa and Caco-2 culture 
supernatants after the treatment with 100 and 200 nM of 9-1, 9-3, 15-2 and 15-3 SSOs, and 
705 SSO as a negative control ............................................................................................. 44 
IX 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Figure 17: ELISA analysis of the sGp130 expression in Caco-2 culture supernatant after 
the treatment with 100 and 200 nM of 9-1, 9-3, 15-2, 15-3, 9-1 + 9-3, 15-2 + 9-3 SSOs, 
with 705 SSO as a negative control, and modRNA as a positive control ........................... 46 
Figure 18: ELISA analysis of the EGCG (10 and 20 μM) effect on the sGp130 production 
in Huh7, HEK293T, C2C12 and N2a conditioned media ................................................... 48 
Figure 19: Western blot analysis of the EGCG (10 and 20 μM) effect on the sGp130 
production in Huh7, HEK293T, C2C12 and N2a conditioned media samples and cell 
samples ................................................................................................................................ 50 
Figure 20: Schematic presentation of the U1 snRNP and decoy D1 regulation of IPA 
(figure adapted from Vorlová et al., 2011: 17) .................................................................... 52 
Figure 21: U1 snRNP dependent regulation of IPA in Huh7, HEK293T, C2C12 and N2a 
cells previously transfected with decoy D1 or D1-2C, which served as a negative control.
 ............................................................................................................................................. 57 
Figure 22: U1 snRNP dependent regulation of IPA in Huh7, HEK293T, C2C12 and N2a 
cells previously transfected with decoy D1 or phSEC empty backbone plasmid, which 
served as a negative control ................................................................................................. 61 
Figure 23: PCR products marked in a box were sent for sequencing. ............................... 62 
Figure 24: Sequencing results of Int 10-1, 10-2, 11-1, 11-2, and 11-3. ............................. 67 
Figure 25: ELISA analysis of the sGp130 production by usage of the intronic 
polyadenylation sites in Huh7, HEK293T, C2C12 and N2a conditioned media ................ 68 
Figure 26: Western blot analysis of the sGp130 production by usage of the intronic 
polyadenylation sites in Huh7, HEK293T, C2C12 and N2a conditioned media samples and 
cell samples ......................................................................................................................... 70 
  
X 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




ABBREVIATIONS AND SYMBOLS 
 
IL-6    interleukin 6 
Gp130   glycoprotein 130 
sGp130  soluble glycoprotein 130 official symbol IL6ST (interleukin 6 signal 
transducer) 
SSOs    splice-switching oligonucleotides 
AONs    antisense oligonucleotides 
IL-6R    interleukin 6 receptor 
sIL-6R   soluble interleukin 6 receptor 
sGp130-RAPS  Gp130 of the rheumatoid arthritis antigenic peptide-bearing soluble 
form 
HIL-6    hyper IL-6 
EGCG   epigallocatechin-3-gallate 
STAT3   signal transducer and activator of transcription 3 
IPA    alternative intronic polyadenylation 
polyA    polyadenylation 
PAS    alternative polyadenylation site 
NMD    nonsense-mediated decay 
FSD-NMD   forced splicing-dependent nonsense-mediated decay 
PTC    premature termination codon 
NF-κB   nuclear factor kappa-light-chain-enhancer of activated B-cells 
mRNA   messenger ribonucleic acid 
miRNA   micro ribonucleic acid 
snRNPs   small nuclear ribonucleoproteins  
5′ss/3′ss   5′/3′ splice sites 
ESE/ESS   exonic splice enhancer/silencer 
ISE/ISS   intronic splice enhancer/silencer 
2′O-Me   2′O-Methyl 
2′-MOE   2′O-Methoxyethyl 
XI 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




PS    phosphorothioate 
LNA    locked nucleic acid 
PMOs    phosphorodiamidate morpholinos 
PNAs    peptide nucleic acids  
cDNA    complementary deoxyribonucleic acid 
TNFα    tumor necrosis factor alpha 
RA    rheumatoid arthritis 
MS    multiple sclerosis 
SMA    spinal muscular atrophy 
Ab    antibody 
Ig    immunoglobulin 
kDa    kilodalton 
JAK    Janus kinase  
3′-UTR   3′-untranslated regions 
ORF    open reading frame 
ELISA   enzyme-linked immunosorbent assay 
RT-PCR   reverse transcription polymerase chain reaction 
DMEM   Dulbecco's modified Eagle's medium 
FBS    fetal bovine serum 
GAPDH   glyceraldehyde 3-phosphate dehydrogenase 
SEAP    secreted embryonic alkaline phosphatase 
Alix    anti-ALG-2-interacting protein X 
TM    transmembrane region 
ICD    intracellular domain 
SP    signal peptide 
TGF-β   transforming growth factor beta 
CSFs    colony-stimulating factors 
Th cells   helper T-cells 
Treg cells  regulatory T-cells 
IL-6 – / –   IL-6 deficient 
XII 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




ADAMs   a disintegrin and metalloproteinases 
PAMPs   pathogen-associated molecular patterns 
DAMPs   damage-associated molecular patterns 
IL-1RA   interleukin 1 receptor antagonist 
IFNα    interferon alpha 
LIF    leukemia inhibitory factor 
RLU    relative light unit 
1 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 





Inflammatory response is an important defense mechanism of the body, resolving various 
atypical conditions as a consequence of injuries and infections, limiting the damage and 
minimizing the consequences (Jones et al., 2011). As with all systems in the human body, 
its regulation can get disrupted, which leads a beneficial acute inflammatory response 
towards a harmful chronic systemic response called the chronic inflammatory systemic 
disease (Straub and Schradin, 2016). Mechanisms responsible for the development of acute 
inflammations which lead to chronic illnesses are poorly understood, therefore proper 
treatment has not been established yet. Hence chronic inflammatory systemic diseases are 
rarely cured, a rather constant treatment is required (Scheller et al., 2011). Moreover, they 
have a huge effect on the quality of patient's life and an increased mortality rate (Straub 
and Schradin, 2016). Current drugs on the market have numerous negative side effects, 
thus new remedies with better efficiency and preferable side effects profile are in demand. 
 
New biologics for blocking cytokine activities have shown great promise in the treatment 
of chronic inflammatory diseases by indicating the role and the contribution of pro- and 
anti-inflammatory cytokines in induction and progression of chronic inflammation and 
autoimmunity (Jones et al., 2011). Furthermore, gene therapy represents one of the most 
promising options for a chronic inflammatory disease remedy, using therapeutic 
oligonucleotides for targeting proteins or small molecules. Here, we describe a novel 
approach that uses short, synthetic modified antisense oligonucleotides called the splice-
switching oligonucleotides (SSOs), to alter the splicing of the cytokine interleukin-6 
receptor glycoprotein 130 (Gp130) pre-mRNA, and consequently induces soluble isoforms 
of Gp130 which act as a natural antagonist of IL-6 trans-signaling that has been linked to 
various chronic inflammatory diseases. 
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2 LITERATURE REVIEW 
2.1 CYTOKINES AND THEIR ROLE IN INFLAMMATION 
The human body is frequently exposed to various types of menaces which can compromise 
its functioning. Over the course of evolution, it developed a complex system whose 
primary task is protection – not only from foreign organisms, such as viruses and bacteria, 
but also from its own internal threats. This wide network of divergent molecules and cells 
was defined as the immune system. Cells that are part of the immune system control 
diverse sets of biological functions through the secretion of different types of regulatory 
molecules. One of the most important ones are the small signaling proteins called 
cytokines, which have a specific effect on the communication and interactions between 
cells. They coordinate numerous biological functions including inflammation and cellular 
homeostasis, and participate in the immune response to both pathogens and self-antigens. 
Furthermore, they are imperative for both innate and acquired immunity. Remarkably, it 
has been discovered that the cytokine interleukin 4 (IL-4) is important for learning and 
memorizing (Yoshimoto and Yoshimoto, 2014; Zhang and Jianxiong, 2007). 
 
Cytokines are produced by many cell populations, but they are predominantly secreted by 
macrophages and different types of T-cells. They operate in a complex network system 
where one cytokine can modulate the production of other cytokines and regulate the 
response to them (Yoshimoto and Yoshimoto, 2014). Moreover, they often have 
overlapping activities on the cells. Depending on the cell type and the developmental stage, 
they can influence proliferation and/or differentiation of the target cells (Scheller et al., 
2011). Cytokines, as signaling molecules, can have: an autocrine action – they affect the 
cells that secrete them; a paracrine action – they affect cells nearby; or an endocrine action 
– they can affect distant cells (Zhang and Jianxiong, 2007). Different cells can produce the 
same cytokines, which can act: pleiotropically – one cytokine can affect different target 
cells in different ways; synergistically – two cytokines can induce the same effect; 
redundantly – different cytokines can stimulate similar functions; or antagonistically – one 
cytokine prevents the effect of another. Cytokines can also be produced in a cascade, as 
one cytokine stimulates the production of more cytokines in a hierarchical order (Štrukelj 
and Kos, 2007; Zhang and Jianxiong, 2007). 
 
Cytokines can be classified into several different subunits, namely: chemokines, 
interleukins, interferons, lymphokines, members of tumor necrosis factor (TNF) family, 
transforming growth factor beta (TGF-β), and colony-stimulating factors (CSFs) (Štrukelj 
and Kos, 2007; Tanaka and Kishimoto, 2014). So far, more than 100 cytokines have been 
characterized and their number is constantly growing. The most recently assigned 
interleukin has been numbered 41 (IL-41). 
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Inflammation is a defense response of the immune system to stimuli such as infection and 
injuries, regulated by pro- and anti-inflammatory cytokines. Their task is to initiate acute 
phase immune response, tissue repair and hematopoiesis by eliminating pathogens and the 
initial cause of cell damages (Jones et al., 2011; Tanaka and Kishimoto, 2014). The group 
of pro-inflammatory cytokines consists of interleukin 1 (IL-1), interleukin 6 (IL-6), and 
tumor necrosis factor α (TNF-α). They are mainly produced by activated macrophages at 
the site of inflammation very early in response to multiple stresses and are involved in 
upregulation of inflammatory reaction (Yoshimoto and Yoshimoto, 2014). When secreted, 
they induce leukocyte migration from the vasculature into the site of inflammation by 
inducing an acute inflammation. The initial leukocyte infiltrate is mostly neutrophilic and 
changes to monocytes and T-cells after 24 to 48 hours to prevent tissue damage from the 
accumulation of the proteases secreted by neutrophils (Gabay, 2006; Scheller et al., 2011; 
Hurst et al., 2001). Together with antigen-presenting cell-derived cytokines, pro-
inflammatory cytokines cause differentiation of the antigen-stimulated naїve CD4+ T-cells 
into helper T (Th) cell subsets. Naїve CD4+ T-cells have an important role in the 
regulation of the immune and chronic inflammation. Until recently, only Th1, Th2 and 
regulatory T (Treg) were known. The newly discovered Th17 cells, which are induced by 
IL-6 and TGF-β, were shown to play a significant role in tissue inflammation and removal 
of extracellular pathogens (Yoshimoto and Yoshimoto, 2014; Scheller et al., 2011). 
Recently, additional two Th cells have been identified and named Th9 and Th22 due to 
their predominant expression of IL-9 and IL-22, respectively (Plank et al., 2017). 
 
In contrast to pro-inflammatory cytokines, anti-inflammatory cytokines depress the 
inflammation by acting as feedback regulators of the immune response. The anti-
inflammatory group of cytokines includes interleukin 4 (IL-4), interleukin 10 (IL-10), 
interleukin 11 (IL-11), interleukin 13 (IL-13), and interleukin 1 receptor antagonist (IL-
1RA). Their role is to control the pro-inflammatory cytokine response by suppressing their 
production (Yoshimoto and Yoshimoto, 2014; Zhang and Jianxiong, 2007). In this 
complex signaling system, some molecules can act either as pro- or anti-inflammatory 
mediators, regarding the circumstances; interferon alpha (IFN-α), leukemia inhibitory 
factor (LIF), TGF-β, and IL-6 are recognised as such (Zhang and Jianxiong, 2007). 
 
In order for inflammatory reaction to be efficient, it has to be acute, localized and transient, 
demolishing damaging agents and inducing an immune response (Gabay, 2006). When 
inflammation occurs, pro-inflammatory cytokines are promptly induced, and their 
production is terminated by anti-inflammatory cytokines when tissue homeostasis is 
restored (Tanaka and Kishimoto, 2014). Imbalance between pro- and anti-inflammation 
cytokines can lead to uncontrolled and prolonged functioning of pro-inflammatory 
cytokines, which can be harmful for the organism – the initial acute inflammation evolves 
into chronic, resulting in disease progression instead of protection (Jones et al., 2011). One 
of the hallmarks of the shift from acute to chronic inflammation is the progressive change 
4 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




of cell types at the site of the inflammation from leukocytes to mononuclear cells, namely 
macrophages and lymphocytes. The mechanism that control this transition of accumulating 
cells is poorly understood, however it is known that IL-6 is one of the key cytokines 
driving the acute inflammation towards the chronic response (Gabay, 2006; Scheller et al., 
2011; Hurst et al., 2001). 
 
In spite of the fact that cytokines carry out critical roles in host defense and are crucial for 
maintenance of tissue homeostasis, their distorted response and abnormal production can 
cause chronic inflammation, autoimmunity, and other disorders (Kang et al., 2014; Jones et 
al., 2011). They have been linked to a wide spectrum of diseases, namely allergic 
disorders, chronic inflammatory diseases, such as rheumatoid arthritis (RA) and 
inflammatory bowel disease (Crohn's disease and ulcerative colitis), and autoimmune 
disorders, such as psoriasis and multiple sclerosis (MS). They are involved not only in the 
initiation but also in the persistence of the pathologic pain; what is more, it was shown that 
they are connected with the development of cancer. The question why cytokine network 
gets dysregulated has been addressed by many scientists, but up to date it has not been 
fully explained yet. However, cytokines are considered important therapeutic targets in 
numerous inflammatory and immune diseases and their targeting has already proven to be 
a highly effective treatment against various diseases (Yoshimoto and Yoshimoto, 2014; 
Kang et al., 2014). 
 
2.2 INTERLEUKIN 6 
IL-6 is a multifunctional cytokine featuring diverse biological functions. It is one of the 
key molecules in the inflammatory reaction. It was initially recognized as a soluble factor 
in the culture supernatants of antigen- or mitogen-stimulated peripheral mononuclear cells, 
which induced antibody (Ab) production in Staphylococcus aureus Cowan 1 (SAC) 
stimulated or Epstein Barr virus (EBV) transformed B-cells (Muraguchi et al., 1981; 
Kishimoto, 1989). Because of its role in maturation of B-cells into immunoglobulin (Ig) 
secreting cells, it received the name human B-cell differentiation factor (BCDF) or B-cell 
stimulatory factor 2 (BSF-2). In 1986, Hirano and colleagues performed the first molecular 
cloning, structural analysis and functional expression of the BSF-2 cDNA (Hirano et al., 
1986). Subsequently, various groups identified the same molecule but named it differently. 
Nevertheless, later on, the research community decided for the name IL-6 (Yoshimoto and 
Yoshimoto, 2014). 
 
2.2.1 Structure of the IL-6 protein 
Human IL-6 gene is located at 7p15.3 chromosome and encodes for a 212 amino acids long 
protein, consisting of a 184 amino acid helical protein and a 28 amino acid signal peptide. 
The core protein is around 20 kDa, but the glycosylation profile of the natural IL-6 
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accounts for the final size between 21 and 26 kDa (Tanaka et al., 2014; Denessiouk et al., 
2008). It comprises of four long α-helices designated as A, B, C and D that are arranged in 
up-up-down-down topology (Heinrich et al., 2003; Scheller et al., 2011). IL-6 has three 
receptor-binding sites: site I interacts with IL-6 receptor (IL-6R); site II contains binding 
region for recruitment of Gp130 between domain 2 and domain 3; and site III is recognized 
by the domain 1 or Ig-like domain of Gp130 (Figure 1) (Scheller et al., 2011). 
 
 
Figure 1: Structure of IL-6 protein. Four long helices (A to D) are highlighted in different colors, and 
receptor-binding sites I, II, and III are marked by circles (Heinrich et al., 2003: 3). 
Slika 1: Struktura proteina IL-6. Štiri dolge vijačnice (A do D) so obeležene z različnimi barvami, vezavna 
mesta za receptorje I, II in II pa so označena s krogi (Heinrich in sod., 2003: 3).  
 
2.2.2 IL-6 signaling 
IL-6 signals through the non-signaling α-receptor IL-6R, also known as glycoprotein 80 or 
CD126, and the signal transducing receptor Gp130, also referred to as IL-6ST or CD130 
(Heinrich et al., 2003). Gp130 is a receptor shared by IL-6 family members and is 
ubiquitously expressed among the majority of cell types, whereas IL-6R is a unique IL-6 
binding receptor which is present only in specific cells (Hibi et al., 1990; Tanaka et al., 
2014). Since neither IL-6 nor IL-6R alone have no affinity to Gp130, IL-6 firstly binds to 
the IL-6R, forming an IL-6/IL-6R complex that initiates Gp130 homodimerization 
(Figure 2). This high affinity hexamer with two of IL-6, IL-6R and Gp130 molecules 
triggers signaling cascade via stimulation of the Janus kinase (JAK), leading to the 
activation of the signal transducer and activator of transcription 3 (STAT3) pathway 
(Waetzig and Rose-John, 2012; Lacroix et al., 2015; Tanaka et al., 2014). JAK, activated 
by ligand binding, attaches to the intracellular domain of Gp130 containing conserved 
motifs called box1 and box2 that serve as a JAK docking site, which results in a 
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phosphorylation of the YXXQ motif on the Gp130 cytoplasmic tail. In turn, YXXQ motif 
acts as a STAT3 ligation region leading to the STAT3 phosphorylation, dimerization and 
accumulation in the nucleus, where it regulates transcription of the target genes 
(Camporeale and Poli, 2012; Heinrich et al., 2003; Yoshimoto and Yoshimoto, 2014). This 
signaling pathway is referred to as a classic cis-signaling of the IL-6. In addition to Gp130, 
IL-6 exerts its action via other members of the IL-6-type cytokine receptors, namely LIF 
and OSM receptor. Dimerization of these IL-6-type cytokine receptors not only leads to 
activation of JAK/STAT3 signaling cascade but can also induce MAPK (mitogen-activated 
protein kinase) signaling pathway (Heinrich et al., 2003). 
 
Apart from cis-mediated cascade, IL-6 triggers signal transduction through the so-called 
trans-signaling pathway (Figure 2). Here, IL-6 binds to a soluble IL-6 receptor (sIL-6R), 
which lacks a transmembrane and cytoplasmic parts, forming an IL-6/sIL-6R complex. 
This way, the complex of cytokine and soluble α-receptor can act agonistically instead of 
antagonistically, which means that it expands the biological effects and provides a 
downstream signaling cascade in the cells that do not express IL-6R and are normally 
unsusceptible to IL-6 alone (Rose-John, 2012; Heinrich et al., 2003). sIL-6R can be 
generated by two different mechanisms: limited proteolytic cleavage such as subsequent 
shedding of the membrane bound receptor by a disintegrin and metalloproteinases 
(ADAMs), and secondly by alternative splicing of mRNA (Rose-John, 2012; Jones et al., 
2011). It is inferred that trans-signaling mechanism serves as an IL-6 pro-inflammatory 
signaling, whereas cis-signaling encompasses the anti-inflammation function of IL-6 
(Rose-John, 2012). What is more, IL-6 remains the only example of a cytokine which uses 
both cis- and trans-signaling pathways in vivo (Jones et al., 2011).  
 
Recently, a third IL-6 signaling pathway, named IL-6 cluster signaling or IL-6 trans-
presentation, has been described by Heink et al. (2017), where IL-6 pairs with IL-6R 
intracellularly. This complex is then transported to the cell surface where it induces Gp130 
and signaling cascade. IL-6 trans-presentation has been indicated as track leading to 
qualitatively different T-cell responses (Heink et al., 2017).  
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Figure 2: Gp130 mediated IL-6 cis- and trans-signaling. 
Slika 2: Cis- in trans-signaliziranje IL-6. 
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2.2.3 Regulation of IL-6 expression 
IL-6 expression is tightly regulated at transcriptionally and post-transcriptionally levels. 
Cis-regulatory elements in the IL-6 gene contain binding sites for several transcriptional 
factors and micro-RNAs (miRNAs), which can promote or repress IL-6 synthesis. Some of 
the factors impacting the upregulation of IL-6 are: nuclear factor kappa-light-chain-
enhancer of activated B-cells (NF-κB), nuclear factor IL-6 (NF-IL-6) also known as 
CAAT/enhancer binding protein b, interferon regulatory factor 1 (IRF1), specificity 
protein 1 (SP1), and activator protein 1 (AP-1) (Tanaka et al., 2014; Kang et al., 2014). On 
the contrary, proteins p53, pRb, aryl hydrocarbon receptor (Ahr) and peroxisome 
proliferator-activated receptor α (PPARα), and miRNAs, such as miR-155 and miR-223, 
downregulate the expression of IL-6. Additionally, some hormone receptors have been 
recognized as IL-6 synthesis repressors, namely glucocorticoid receptor (GR) and estrogen 
receptor (ER) (Tanaka et al., 2014; Kang et al., 2014). Post-transcriptional mechanisms of 
IL-6 regulation are mostly targeting 3′-untranslated regions (3′-UTR) of IL-6 mRNAs to 
alter either translation or stability of mRNA. RNase zc3h12a and AT-rich interactive 
domain-containing protein 5a (Arid5a) are counteractive molecules affecting IL-6 mRNA 
decay and stabilization, respectively (Kang et al., 2014; Yoshimoto and Yoshimoto, 2014). 
Furthermore, quantity of IL-6 mRNA is suppressed by miR-365, miR-608, miR-let-7a, and 
miR-26 (Xu et al., 2011; Yoshimoto and Yoshimoto, 2014; Tanaka et al., 2014). 
 
2.2.4 Biological functions of IL-6 
Together with IL-11, LIF, ciliary neurotrophic factor (CNTF), oncostatin M (OSM), 
cardiotrophin-1 (CT-1), cardiotrophin-like cytokine (CLC), neuropoietin (NPN), 
stimulating neurotrophin-1/B-cell stimulating factor 3 (NNT-1), interleukin 27 (IL-27), and 
interleukin 31 (IL-31), IL-6 composes the IL-6-type cytokine family (Scheller et al., 2011). 
It is known as a pro- and anti-inflammatory cytokine and its primary role in the organism is 
induction, regulation as well as control of the inflammatory and immune response. Apart 
from that, IL-6 exerts various biological effects on different target cells and organs (Kang 
et al., 2014). 
 
IL-6 promotes inflammation through the induction of acute phase reaction, T-cells 
activation, and B-cells differentiation (Mesquida et al., 2014). When infection or trauma 
occurs, IL-6 is rapidly synthesized by the innate immune cells, such as macrophages, 
monocytes and dendritic cells, that have been stimulated with pathogen-associated 
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), 
respectively (Kang et al., 2014). It increases vascular permeability, consequently 
prompting an influx of cytokines and immune cells to the site of inflammation (Mesquida 
et al., 2014). Through the bloodstream, IL-6 shifts from lesions to the liver, where it 
induces production of an extensive range of acute-phase proteins in hepatocytes, including 
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C-reactive protein (CRP), fibrinogen, serum amyloid A (SAA), hepcidin, alpha 1-
antichymotrypsin, and haptoglobin among others. In the same manner, it decreases 
generation of transferrin, fibronectin, albumin and cytochrome P450 (Kang et al., 2014; 
Tanaka and Kishimoto, 2012; Tanaka and Kishimoto, 2014). IL-6 is also involved in the 
alterations of serum iron (Fe) and zinc (Zn) levels via control of their transporters (Tanaka 
et al., 2014). IL-6 induces B-cell differentiation to the immunoglobulin-producing cells, 
differentiation of the naїve CD4+ T-cells into effector Th cell and differentiation of 
macrophages. Furthermore, it stimulates acquisition of the cytotoxic functions in naїve 
CD8+ T-cells and their proliferation (Mesquida et al., 2014; Kishimoto 1989). 
 
The effects of IL-6 are not restricted to immune cells only. On the contraty, IL-6 promotes 
cell growth and/or differentiation of several nonimmune cells. It controls cell growth of 
vascular smooth muscle cells, mesenchymal cells, mesangial cells, and ectodermal cells 
such as keratinocytes (Bihl et al., 2002). Moreover, it is involved in bone homeostasis and 
hematopoiesis. In bone marrow, it induces maturation of megakaryocytes and activation of 
hematopoietic stem cells. It also affects osteoclast differentiation and promotes 
angiogenesis (Tanaka and Kishimoto, 2012; Kang et al., 2014). In addition, it is associated 
with regulation of metabolism and liver regeneration. Glucose tolerance and insulin 
sensitivity are mediated by IL-6 (Scheller et al., 2011; Rose-John 2012; Yudkin et al., 
2000). IL-6 also functions in neuropsychological system where it contributes to microglia 
and astrocyte activation as well as controls neuronal neuropeptides expression. What is 
more, it affects the development of neuropathic pain (Zhang and Jianxiong, 2007; Scheller 
et al., 2011). Finally, IL-6 interacts with hypothalamic-pituitary-adrenal endocrinal system 
(Kang et al., 2014; Jones et al., 2011), and impacts embryonic development and fertility 
(Heinrich et al., 2003). 
 
2.3 IL-6 AND DISEASES 
In such a wide and complex range of biological activities as controlled by IL-6, it is 
anticipated that the slightest deviation in the mechanism can lead to disease development. 
Through the years, it was shown that many autoimmune diseases associated with 
inflammation are driven by IL-6. Moreover, IL-6 was also linked with various types of 
cancer, namely Lennert's T lymphoma (Kishimoto, 1989), multiple myeloma (Mesquida et 
al., 2014; Kishimoto, 1989), and cardiac myxoma (Hirano et al., 1987), as well as 
neurological disorders such as MS (Padberg et al., 1999), Alzheimer's disease, and 
Parkinson's disease (Yoshimoto and Yoshimoto, 2014). Intriguingly, it was proposed that 
IL-6 contributed to the development of coronary heart disease (CHD) (Yudkin et al., 
2000). With the research progress it became clear that IL-6 trans-signaling, which is 
important for mononuclear phase of inflammation, alters causing the ailments connected 
with IL-6. In normal physiology, IL-6 trans-signaling is a tightly regulated temporary local 
event with a beneficial outcome for the organism. Only in chronic inflammation and 
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inflammation-associated cancer, trans-signaling permutes to persistent and ubiquitous IL-6 
signaling, engendering disease development and protraction with recruitment and 
differentiation of immune cells and apoptosis resistance of disease-driving cells (Waetzig 
and Rose-John, 2012). 
 
Cardiac myxoma was the first case of disease attributed to pathological action of IL-6. 
Patients with the myxoma frequently showed several kinds of connective-tissue disease-
like symptoms, and they had large amounts of IL-6 present in the cancerous tissue which 
could be stained positively with anti-IL-6 antibody (Hirano et al., 1987). Later on, elevated 
circulating levels of IL-6 were detected in patients suffering from several inflammatory 
manifestations. Generally, IL-6 levels in healthy individuals are barely detectable since 
they range between 1.9 and 6 pg/ml (Scambia et al., 1995). With the inflammation or 
injury, the concentration of IL-6 rises to several μg/ml (Rose-John, 2012). When it comes 
to chronic inflammation, values can increase up to 1 millionfold, reaching concentrations 
of ng/ml (Waage et al., 1989), which clearly indicates IL-6 involvement in immunological 
hyperactivity. Many reports showed that patients with RA have strongly elevated degree of 
IL-6 in serum and synovial fluid that correlates with clinical and laboratory indices of 
disease activity, duration and progression (Houssiau et al., 1988; Robak et al., 1998). Same 
correlation between IL-6 levels and activity can be detected in systemic juvenile idiopathic 
arthritis (Gabay, 2006). Increased IL-6 values in intestinal mucosa were shown to cause 
local inflammations associated with ulcerative colitis and Crohn's disease (Cahill and 
Rogers, 2008). Excessive expression of IL-6 was found in germinal center B-cells in 
swollen lymph nodes of Castelman's disease (Kang et al., 2014; Kishimoto, 1989) and 
multiple myeloma cells, as it serves as their grown factor (Scambia et al., 1995). Honda et 
al. (1992) suggested that pathological conditions associated with raised IL-6 levels might 
as well parallel with escalated production of sIL-6R, pointing out the involvement of trans-
signaling in chronic inflammation. Interestingly, it was demonstrated that sIL-6R levels are 
only increased not more than 2- to 5-fold during the inflammation (Rose-John, 2012), and 
no correlation between serum concentrations of IL-6 and sIL-6R was found in RA or 
multiple myeloma (Robak et al., 1998; Smith and Morgan, 1997). Furthermore, the ratio of 
IL-6 to sIL-6R was significantly lower in RA patients compared with healthy subjects, 
with IL-6/sIL-6R index being the lowest in the most active form of the disease (Robak et 
al., 1998). These findings had led to a conclusion that only when IL-6 concentrations 
exceed levels of sIL-6R, which is seen in chronic inflammation, IL-6 elicits its effects 
through sIL-6R-mediated signaling and acts systemically (Rose-John, 2012; Waetzig and 
Rose-John, 2012). Contradictory, serum samples from MS patients reviled low levels of 
IL-6 and significantly higher sIL-6R concentrations compared to the control group 
(Padberg et al., 1999). Certainly, complex relationship between IL-6 and sIL-6R and their 
production in diseases pathology remains to be clarified. 
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Nevertheless, various functional studies have proposed IL-6 trans-signaling as crucial for 
the development and maintenance of systemic conditions in disease pathogenesis. 
Experiments using IL-6 deficient (IL-6 – / –) mice models proved not only that IL-6 is the 
main factor contributing to diseases progression, but also the importance of the sIL-6R-
mediated signaling. IL-6 – / – mice with experimental arthritis model showed few to no sign 
of disease progression (Richards et al., 2006; Nowell et al., 2003), and only soluble IL-6R-
IL-6 protein (Hyper IL-6) was able to restore disease activity. What is more, specific 
blockade of trans-signaling in wild-type mice ameliorated disease and further research 
demonstrated that sIL-6R oversaw IL-6 signal in the inflamed joint leading to disease 
exacerbation (Nowell et al., 2003). Nevertheless, it appears that IL-6 trans-signaling 
controls transition from neutrophils to mononuclear cells, efficiently sustaining the 
inflammation and altering acute into chronic one (Hurst et al., 2001). Taken together, these 
observations clearly indicate the role of sIL-6R-mediated signaling in the course of 
disease. 
 
2.4 THERAPEUTIC BLOCKING OF IL-6 
Primary biopharmaceuticals for treatment of chronic inflammatory diseases such as RA 
were mostly TNF inhibitors – Adalimumab (Humira), Infliximab (Remicade), Golimumab 
(Simponi), Certolizumab (Cimzia), and Etanercept (Enbrel); IL-1 antagonist Anakinra 
(Kineret); T-cell stimulator blocker Abatacept (Orencia), and B-cell depletory Rituximab 
(Rituxan). These biologicals proved efficiency in moderation of severe forms of disorders, 
however their functioning was accompanied by various side effect, among others 
malignancy, infections, lymphoproliferative disorders, autoimmunity, and cardiovascular 
effects (Štrukelj and Kos, 2007; Ogata and Tanaka, 2012; Atzeni et al., 2015). 
Furthermore, 20–40% of the patients with RA did not respond well to anti-TNFα drugs 
(Venkiteshwaran, 2009). Therapeutics with different action mechanisms were required to 
address these deficiencies. 
 
When the extent of IL-6 effect on the pathophysiology of different ailments was 
recognized, its targeting rapidly became a novel treatment strategy. First clinical trials 
using the new approach were conducted on neutralizing anti-IL-6 antibodies, which 
sequestered free circulating IL-6 in the serum. Antibodies manifested good anti-tumor 
potency and normalization of the acute phase activity but led to an immense systemic raise 
of IL-6 quantities (Jones et al., 2011). Consequently, targeting strategies were redirected 
toward the blockade of IL-6 signaling cascade. One of the first drugs targeting IL-6 
signaling pathway was a humanized anti-IL-6R monoclonal antibody of immunoglobulin 
G1 (IgG1) subclass Tocilizumab (Actemra), which was generated by joining the 
complementarity-determining regions of a mouse antihuman IL-6R antibody and a human 
IgG1 (Jones et al., 2011; Tanaka and Kishimoto, 2014). Tocilizumab, targeted against IL-
6R, inhibits IL-6 binding to transmembrane or soluble IL-6R, thus providing a total IL-6 
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neutralization. It showed a great promise in clinical trials and was approved for the 
treatment of RA in more than 100 countries – for systemic juvenile idiopathic arthritis in 
the EU, the USA, Japan and India, and for Castleman's disease in Japan and India (Tanaka 
and Kishimoto, 2012; Tanaka et al., 2014). Furthermore, pilot studies for the off-label use 
of Tocilizumab reviled potential for treatment of other organ-specific autoimmune and 
chronic inflammatory diseases such as Crohn's disease, graft-versus-host disease, relapsing 
polychondritis, and acquired hemophilia A (Ogata and Tanaka, 2012). Despite the wide 
use of monoclonal antibody against IL-6R, there is a major downside to it. Tocilizumab 
blocks both IL-6 signaling pathways, therefore preventing pro- and anti-inflammatory IL-6 
activities, and compromising important regenerative and metabolic functions (Barkhausen 
et al., 2011; Rose-John, 2012). Significant side effects of global IL-6 blocking are 
immunosuppression, elevated cholesterol and triglyceride levels, hepatic inflammation and 
systemic insulin resistance. Alternatively, researchers focused on specific IL-6 trans-
signaling inhibition which could provide the same or even higher therapeutic efficiency 
with a better side effect profile than complete IL-6 blockade (Waetzig and Rose-John, 
2012). Studies comparing complete IL-6 signaling inhibition, using a neutralizing anti-IL-6 
antibody, and selective blockade of sIL-6 mediated trans-signaling, using a fusion protein 
sgp130Fc (sGp130 and crystallizable immunoglobulin G1 fragment) in a standardized 
cecal ligation and puncture (CLP) sepsis model, showed that global IL-6 inhibition did not 
lead to a significant survival increase, whereas trans-signaling inhibitions resulted in 
survival rate increased by 45% to 100%. Likewise, mice treated with sgp130Fc showed 
improved physical activity (Barkhausen et al., 2011). Other studies confirmed efficacy of 
sgp130Fc in animal models of inflammatory arthritis, inflammatory bowel disease, 
peritonitis, and colon cancer (Jones et al., 2011). In light of this, selective targeting of IL-6 
trans-signaling rather than total IL-6 inhibition may represent a better treatment strategy 
for immune-mediated diseases, since it maintains most of the IL-6 signaling and keeps 
important physiologic functions intact (Waetzig and Rose-John, 2012). Noteworthy is the 
fact that autoimmune and chronic inflammatory diseases are not cured by anti-cytokine 
therapy but at most suppressed (Scheller et al., 2011). Therefore, providing a remedy with 
the least side effects is an important issue of consideration that has to be address.  
 
2.5 SOLUBLE Gp130 
Soluble Gp130 (sGp130) is a soluble variant of signal-transducing β-receptor Gp130 which 
is present in normal human serum at concentrations of 390 ± 72 ng/ml (Narazaki et al., 
1993). It acts as a natural antagonist of IL-6 trans-signaling pathway, therefore 
representing a promising therapeutic modality for the treatment of IL-6 driven diseases. 
Thus far, four sGp130 isoforms with molecular weights of 50, 70–80, 90 and 110 kDa have 
been detected in human serum or urine (Narazaki et al., 1993; Zhang et al., 1998; Tanaka 
et al., 2000; Sommer et al., 2014). Three of these sGp130 forms were found not to be 
generated by ectodomain shedding such as sIL-6R but rather by translation from different 
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alternatively spliced mRNAs, and one of them was shown to have arisen from alternative 
polyadenilation. It remains unknown whether sGp130 isoforms are also generated by 
proteolytic cleavage of the transmembrane Gp130 (Diamant et al., 1997; Sommer et al., 
2014). 90 and 110 kDa sGp130s were detected in normal human serum with Western blot 
analyses and are referred to be endogenous splice variants that are naturally produced 
(Narazaki et al., 1993). The smallest splice isoform, corresponding to a 50 kDa protein, 
with a unique amino acid in its COOH-terminus, was identified in synovial fluids and 
plasma of RA patients, and was named Gp130 of the rheumatoid arthritis antigenic 
peptide-bearing soluble form, or in short sGp130-RAPS. It was verified by Western 
blotting using specific antibodies directed against its novel C terminus (Tanaka et al., 
2000). Another two distinct differentially spliced sGp130 cDNA, sGp130-Sharkey 
(Sharkey et al., 1995) and sGp130-Diamant (Diamant et al., 1997), were described but 
have not been seen to translate into sGp130 protein. The expected size of these two 
variants would, if at all, correspond to the protein of ~110 kDa. Sommer et al. (2014) 
identified sGp130 variant sGp130-E10 which corresponded to the protein of 70–80 kDa 
detected by Western blotting, however this sGp130 was not generated by alternative 
splicing neither by proteolytic cleavage but with intronic polyadenylation in intron 10. It 
has been implied that sGp130 protein isoforms have no measurable affinity to IL-6 or sIL-
6R alone and do not interfere with the cell-surface-expressed IL-6R, nevertheless they can 
effectually bind the IL-6/sIL-6R forming a nonfunctional ligand-receptor complex, and 
thus antagonize sIL-6R mediated cellular response (Narazaki et al., 1993; Jostock et al., 
2001). sGp130-RAPS was able to modulate leukocyte migration in murine acute peritonitis 
and suppress chronic antigen-induced arthritis in mice. Although the exact role of sGp130 
in a disease state remains undetermined, it appears that due to a high concentration in 
human sera it is a regulatory element of IL-6 trans-signaling (Richards et al., 2006). 
 
2.6 ALTERNATIVE SPLICING OF Gp130 
As stated, all naturally produced sGp130 arise from differential splicing of Gp130 gene. 
Alternative splicing is a mechanism that regulates gene expression and constitute a great 
part of diversity between the moderate number of human genes and much higher 
complexity and functional heterogeneity of the expressed proteome (Roberts and Smith, 
2002; Bauman et al., 2009). It has capability to yield multiple distinct mRNA transcripts 
from an individual gene that translate to the protein isoforms with a singular and often 
opposing functions. The dynamic nature of the alternative splicing can be seen in case of 
developmental, tissue- and cell-type specificity with variations in the abundance of 
different spliced isoforms (Havens et al., 2013). Up to 70% of human genes are predicted 
to undergo alternative splicing (Bauman et al., 2009), further, 50% or more alternative 
spliced variants are differently expressed among tissues (Chen and Manley, 2009). 
Splicing is proceeded by two sequential trans-esterification reactions, following by exon 
ligation and release (Black, 2003; Roberts and Smith, 2002). Reactions are catalyzed by a 
14 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




macromolecular machinery spliceosome composed of five small nuclear 
ribonucleoproteins (snRNPs) U1, U2, U4, U5 and U6, which are essential for orchestrating 
the splicing reaction, and many auxiliary proteins including RNA binding proteins that 





Figure 3: Types of alternative splicing events (Matlin et al., 2005: 388). 
Slika 3: Vrste alternativnega izrezovanja (Matlin in sod., 2005: 388). 
 
Alternative splicing can lead to different events shown in Figure 3. Most exons are 
constitutive, meaning that they are always either spliced or included in the mature mRNA, 
while cassette exons can be independently included or excluded from the mRNA, 
depending on the splice event, as seen in category a (Black, 2003; Matlin et al., 2005). 
Category b is showing the mutually exclusive splicing which involves an array of two or 
more alternative exons, only one of which can be included in the mature mRNA (Roberts 
and Smith, 2002). Categories c and d indicate competing 5′ and 3′ splice sites (5′ss and 
3′ss) in the individual exon that allow shorting or lengthening of that particular exon. 
Generally, introns are spliced out, but sometimes intron retention can occur as presented in 
category e (Roberts and Smith, 2002; Black, 2003; Matlin et al., 2005). Categories f and g 
represent the selection of alternative promoters or polyadenylation sites that switch the 5′ss 
or 3′ss of most exons of a transcript (Roberts and Smith, 2002; Black, 2003). 
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Gp130 gene (Figure 4) consists of 17 exons and 16 introns. The first translated exon is 
exon 3 and encodes for the signal peptide (SP). Exons 4 to 14 represent extracellular 
domains (D). More precisely, exon 4 encodes for the Ig-like domain (D1), exon 5 to exon 8 
encode for the cytokine-binding homology region (D2 and D3), which consist of two 
fibronectin III modules, and exon 9 to exon 14 encode for the fibronectin III modules in a 
way that every two exons code one module (D4, D5 and D6). Exon 15 encodes for the 
transmembrane region (TM). Exons 16 and 17 encode for the cytoplasmic region, also 
called intracellular domain (ICD), from which exon 16 contains box1 motif and exon 17 
box2 and box3 motifs, all tyrosines plus stop codon with the entire 3′-UTR (Szalai et al., 




Figure 4: Structure of the Gp130 and four distinct soluble variants generated by alternative splicing and 
alternative polyadenylation (figure adapted from Sommer et al., 2014: 22144). 
Slika 4: Struktura receptorja Gp130 in štirih različnih topnih variant, tvorjenih z alternativnim izrezovanjem 
ali alternativno poliadenilacijo (slika prilagojena po Sommer in sod., 2014: 22144). 
 
Soluble Gp130 isoforms described until now have different alternations in their mRNA 
compared to the full-length Gp130 isoform. In the sGp130-RAPS, exon 9 is skipped, and 
there is a novel stop codon in exon 10, which results in shortened isoform missing the 
domains D5 and D6, transmembrane region and cytoplasmic part (Tanaka et al., 2000). 
sGp130-Diamant contains 85 bp intron retention between the exon 14 and exon 15, which 
gives a rise to a frameshift leading to a premature stop codon in exon 15, right before the 
beginning of the transmembrane coding region (Diamant et al., 1997). mRNA of the 
sGp130-Sharkey is spliced in exon 15, resulting in a frameshift with a stop codon located 
in exon 16. This specie is predicted to encode for a truncated protein of the 658 amino 
acids (Sharkey et al., 1995). Last observed sGp130 variant sGp130-E10 has an alternative 
polyadenylation site in intron 10 and codes for a 70–80 kDa protein (Sommer et al., 2014). 
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These isoforms demonstrate the miscellaneous nature of Gp130 gene and pose mRNA 
splicing as an ideal way for producing sGp130 as a remedy. 
 
2.7 INTRONIC POLYADENYLATION 
Pre-mRNA splicing and mRNA polyadenylation are coupled events in maturation of the 
mRNAs that take place concomitantly. Polyadenylation step in the mRNA processing is 
required to ensure stability, effective translation and export of the mRNA (Vorlová et al., 
2011). Alongside classical exon skipping, the alternative intronic polyadenylation (IPA) 
presents an additional mechanism for obtaining protein isoforms with significantly altered 
functions. Numerous of human genes generate mRNA variants by both differential splicing 
and alternative polyadenylation (Tian et al., 2007; Vorlová et al., 2011). Contrary to 
protein isoforms produced via introduction of the premature stop codons, these mRNAs are 
naturally immune to nonsense-mediated decay (NMD). According to different studies, 
50% of human genes contain at least one alternative polyA site (PAS) (Vorlová et al., 
2011). Their usage leads to abbreviated mature mRNAs that give rise to distinct proteins. 
A perfect example is Gp130 gene, where, as already mentioned before, both polyA and 




Figure 5: Induction of the soluble isoform by alternative polyadenylation (Vorlová et al., 2011: 14). 
Slika 5: Indukcija topne izooblike z alternativno poliadenilacijo (Vorlová in sod., 2011: 14). 
 
2.8 SPLICE-SWITCHING OLIGONUCLEOTIDES 
Induction of the alternative splicing pathways by splice-switching oligonucleotides (SSOs) 
is an emerging technology for the production of therapeutically favorable splice variants 
(Graziewicz et al., 2008). SSOs are short, synthetic modified antisense oligonucleotides 
(AONs) that bind to a specific mRNA sequence in a Watson-Crick fashion. Upon targeting 
splicing regulatory elements, these SSOs can alter splicing by steric hindrance of the 
spliceosome components and other splicing factors (Havens and Hastings, 2016), unlike 
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RNase H-dependent AONs which induce the degradation of mRNA (Dias and Stein, 
2002). They bind to the conserved sequences of 5′ss, 3′ss, the branchpoint sequence (BPS), 
the polypyrimidine tracts (Py), and to the exonic and intronic splice enhancer (ESE and 
ISE) or silencer (ESS and ISS), which are short regulatory sequence motifs in exons and 
introns. By binding to these core splice elements, SSOs physically block spliceosome 
assembly and alter the recognition of splice site, leading to disrupted normal splicing of the 
targeted transcript and promoting exon skipping (Graziewicz et al., 2008; Havens and 
Hastings, 2016). SSOs have been applied to either restore correct splicing of an aberrant 
spliced transcript, to manipulate alternative splicing from one splice variant to other, or to 






Figure 6: Exon skipping induced by recruitment of the SSO which alters splice site and prevents 
spliceosome assembly to the targeted transcript (Kole and Leppert, 2012: 2). 
Slika 6: Izrezovanje eksona, inducirano s SSO, ki se veže na spojitveno mesto in s tem prepreči vezavo 
spajalnega telesca na ciljni prepis (Kole in Leppert, 2012: 2). 
 
Chemical modalities have been introduced to naked oligonucleotides in order to improve 
their stability, binding affinity and pharmacodynamic properties. The first modification 
used in clinical applications was the replacement of sulfur for oxygen in the phosphate 
backbone that led to Phosphorothioate (PS) oligonucleotides. PS alternation improved 
nuclease resistance and in vivo stability; nonetheless, it failed to induce the RNase H-
resistance (Havens and Hastings, 2016; Dias and Stein, 2002). This shortcoming was 
mended by substitution of aliphatic residue at the 2′-position of the nucleoside sugar thus 
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creating 2′O-Methyl (2′O-Me) and 2′O-Methoxyethyl (2′-MOE) (Juliano et al., 2012; 
Havens and Hastings, 2016). In addition to RNase H-resistance, modifications increased 
target affinity and functional distribution profiles in vivo (Sazani et al., 2002; Bauman et 
al., 2009). Locked nucleic acid (LNA) chemistry is also a sugar modification involving 
binding of the furanose ring which results in an even higher binding affinity that allows the 
usage of shorter SSOs sequences (Havens and Hastings, 2016). What is more, these forms 
have been used together (2′O-Me-PS, 2′O-MOE-PS and LNA-PS) to successfully target 
splicing in different pathological states (Havens and Hastings, 2016). Another type of 
oligonucleotide chemistry is Phosphorodiamidate morpholinos (PMOs) with a furanose 
ring replaced by non-ionic phosphorodiamidate, resulting in the absence of charge. The 
advantage of the natural charge is better tolerability in vivo, however these 
oligonucleotides exhibit lower tissue accumulation and cellular uptake; consequently, 
higher doses of PMOs may be necessary to elicit pharmacological response (Juliano et al., 
2012; Havens and Hastings, 2016). Lastly, substitution of the phosphodiester backbone 
with peptide linkages produce peptide nucleic acids (PNAs) with an excellent base-pairing 




Figure 7: Synthetic oligonucleotide chemistries (Bauman et al., 2009: 4). (A) Phosphorothioate. (B) 2′O-
Methyl (2′O-Me) oligoribonucleotide. (C) 2′O-Methoxyethyl (2′O-MOE) oligoribonucleotide. (D) 
Phosphorodiamidate morpholino (PMO). (E) Locked nucleic acid (LNA). (F) Peptide nucleic acid (PNA).  
Slika 7: Kemije sintetičnih oligonukleotidov (Bauman in sod., 2009: 4). (A) Fosforotioat. (B) 2′O-Metil 
(2′O-Me) oligoribonukleotid. (C) 2′O-Methoxyethyl (2′O-MOE) oligoribonukleotid. (D) Morfolino 
fosforodiamidat (PMO). (E) Zaklenjena nukleinska kislina (LNA). (F) Peptidna nukleinska kislina (PNA). 
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SSOs hold several key attributes that place them before other available drugs on the 
market. First, they are highly target-specific due to their base-pairing requirements. 
Second, they target pathophysiology of the disease at the molecular genetic level. Third, 
they can be designed to have multiple distinct effects on the gene expression by either 
enhancing or inhibiting specific splice site. Fourth, they are mostly well tolerated and they 
attain constant, persistent levels of the therapeutic isoform, thus less frequent treatment is 
required. Fifth, they possess a dual action of upregulating the decoy-binding receptor at the 
expense of downregulation of the cellular-bind receptor. Finally, their synthetization is 
simpler and cost effective (Graziewicz et al., 2008; Havens and Hastings, 2016). 
Heretofore, there are two SSO drugs on the market, both got clearance in the late 2016. 
Eteplirsen (Exondys 51) is a 30-nucleotide PMO for treatment of the Duchenne muscular 
dystrophy (DMD) by inducing the exon 51 skipping in DMD gene (Lim et. al., 2017). 
Second one is 2′-MOE SSO with a fully modified PS backbone named Nusineresen 
(Spinraza), designed for the treatment of spinal muscular atrophy (SMA). It is the first 
approved drug for SMA, and therefore holds a designation of an orphan drug in the EU and 
the USA (Chiriboga, 2017). Many other SSOs are subject to intense pre-clinical and 
clinical trials. Despite all stated advantages and various therapeutic options, some 
roadblocks, mainly cellular penetration and bioavailability, have to be taken into 
consideration in order to fully exploit their potential (Järver et al., 2015). 
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3 AIMS AND HYPOTHESIS 
The aim of this Master thesis was to block IL-6 trans-signaling pathway with generation of 
antagonistic soluble isoforms of IL-6 signaling transducer Gp130 by splice-switching gene 
therapy, which in turn sequester IL-6 and soluble IL-6 receptor heterodimer complex, 
therefore specifically inhibiting trans-signaling and pro-inflammatory action of IL-6 
cytokine. This strategy can be used as a novel therapy for chronic inflammatory diseases. 
The advantage of this method over a complete IL-6 knock-down is particular targeting of 
its negative effects, preserving positive aspects of IL-6 intact. Different approaches were 
used to generate soluble Gp130 protein isoforms, namely short modified RNA sequences 
known as SSOs, anti-inflammatory compound found in green tea called epigallocatechin-
3-gallate (EGCG), and intronic polyadenylation. 
 
To address this aim, the study had the following objectives: 
 
1. To induce splice-switching in Gp130 gene by specifically designed 2′O-Me-PS 
SSOs directed towards ESE, 5′ss and 3′ss of Gp130 exon 9 and exon 15, resulting 
in sGp130-RAPS and sGp130-Sharkey isoforms, respectively.  
 
2. To asses IL-6 signaling pathways by using HeLa STAT3 Luciferase and HEK-
Blue™ IL-6 reporter cell lines, and to analyze the antagonistic effect of sGp130. 
 
3. To prove exon skipping at the mRNA and protein levels, thus showing double 
effect of SSOs – upregulation of the soluble variants at the cost of downregulation 
of the membrane bound Gp130 receptors. 
 
4. To induce and obtain soluble Gp130 proteins by using EGCG treatment. 
 
5. To screen for intronic polyadenylation sites in Gp130 gene that can be used to 
induce soluble isoforms. 
 
6. To use intronic polyadenylation sites in Gp130 gene for soluble variants 
production, and to prove its existence at the mRNA and protein levels.  
 
Also, a hypothesis was proposed that SSOs targeting Gp130 mRNA would induce splice 
switching in the cells which would lead to a double effect: a) less membrane bound Gp130 
receptors, and b) more soluble Gp130 receptors that can act as an antagonist in IL-6 trans-
signaling. 
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4 MATERIALS AND METHODS 
4.1 CELL CULTURES 
Huh7 (human hepato cellular carcinoma cell line), HEK293T (human embryonic kidney 
cell line), HeLa (human cervical carcinoma cell line), Caco-2 (human colon 
adenocarcinoma cell line), N2a (mouse neuroblastoma cell line), HeLa STAT3 Luciferase 
reporter cell line (Signosis) and HEK-Blue™ IL-6 reporter cell line (InvivoGen) were 
maintained in Dulbecco's Modified Eagle's Medium (DMEM) + GlutaMax™ (Gibco by 
Life technologies), supplemented with 10% heat inactivated Fetal Bovine Serum (FBS) 
(Gibco by Life technologies), and 1% penicillin (100 U/ml) and streptomycin (100 μg/ml) 
(Sigma Life Science) at 37°C, 5% CO2 atmosphere. C2C12 (mouse myoblast cell line) 
cells were cultures in DMEM supplemented with 20% heat inactivated FBS and 1% 
penicillin (100 U/ml) and streptomycin (100 μg/ml) at 37°C, 5% CO2 atmosphere. Cells 
were passaged using 0.05% Trypsin-EDTA (1x) (Gibco by Life technologies) when 80–
90% of confluence was reached. 
 
4.2 DESIGNING OF SPLICE-SWITCHING OLIGONUCLEOTIDES 
When designing SSOs, there are many parameters that have to be taken in consideration in 
order to provide well-efficient SSOs. It is important to reflect on the length, 
thermodynamic properties, sequence content and secondary structure of SSOs. Firstly, 3′ 
and 5′ splice sites were identified from existing EST data, and ESE finder was used to 
determinate the location of the exonic splicing enhancers. Secondly, mFOLD server was 
used to imitate different secondary structures of pre-mRNA, which helped appraise the 
accessibility of the target sequence in the pre-mRNA (Aartsma-Rus et al., 2009). SSOs are 
in general only 17 to 25 nucleotides long, and previous studies have shown that because of 
this they are unlikely to form stable secondary structures. It was shown that by increasing 
the length of SSOs the affinity to the target sequence should also increase, followed by 
increased splice-switching activity. Moreover, longer SSOs have naturally higher overall 
Tm, and their thermodynamic stability is higher (Aartsma-Rus et al., 2009; Hammond et 
al., 2014). When it comes to the guanine and cytosine, it is suggested to keep the guanine-
cytosine (GC) content low and avoid three or more stretches of these two bases, as it is less 
likely for SSO designed this way to self-dimerisate (Aartsma-Rus et al., 2009). 
Considering all guidelines, our 2′O-Me-PS were designed to have a 40–60% GC content, 
melting temperature higher than 48°C, and to be 20 to 22 bp long. SSO designs were ran 
through BLAST to specify possible off-target binding. Lastly, selected SSO designs were 
synthesized by Integrated DNA technologies. 
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4.3 SSOs AND PLASMID TRANSFECTIONS 
Cells were transfected with SSOs 24 hours after seeding. Transfections were performed 
using Lipofectamine® 2000 (LF2000) (Invitrogen by Thermo Fisher Scientific) as a 
transfection reagent, and Opti-MEM™ I (Gibco by Life technologies) as a complexation 
buffer. For precomplexing SSOs and LF2000 in 1:1 ratio were incubated separately in 
Opti-MEM for 10 minutes. Afterward, LF2000 was added to SSO and incubated for 
another 30 minutes at room temperature, followed by treatment of cells with complexes. 
Cells were harvested 24 to 48 hours after transfection, depending on the exact experiment. 
 
For the plasmid transfections, the same protocol was followed as for the SSO transfections, 
only the ratio of plasmid to LF2000 was 1:2.4. Cells were harvested 24 or 48 hours after 
transfection. 
 
4.4 RNA EXTRACTION AND REVERSE TRANSCRIPTION-PCR (RT-PCR) 
For RT-PCR, RNA was extracted from the cells according to the manufacturer's 
instructions, using TRI® reagent (Sigma-Aldrich). Once TRI® reagent was added, samples 
were allowed to stand at room temperature for 5 minutes in order to ensure complete 
separation of nucleoprotein complexes. Chlorophorm (Sigma-Aldrich) was added and 
tubes were vigorously shaken for 15 seconds followed by a 5-minute incubation at room 
temperature and a 15-minute centrifugation at 15,000 x g and 4°C. Aqueous phase was 
then transferred into a new tube, and 1 sup volume of isopropanol (Sigma-Aldrich) was 
added. Samples were vortexed and left for 10 minutes at room temperature, followed by a 
30-minute centrifugation at 15,000 x g and 4°C. After the supernatant was removed, 
samples were washed twice with 75% EtOH and centrifuged for 10 minutes at 15,000 x g 
and 4°C. Pellet was left to air dry and dissolved in 20 μl of previously warmed Mili-Q 
water. Concentration of RNA was determined with NanoPhotometer NP80 (Implen). 
 
1 μg of RNA was then reverse transcribed with High Capacity cDNA reverse transcription 
kit (Applied Biosystems by Thermo Fisher Scientific) using MultiScribe™ Reverse 
Transcriptase (50 U/μl) in presence of 10x RT Buffer, 10x RT random primers, 25x dNTPs 
(100 mM) and appropriate volume of nuclease-free water, according to the manufacturer's 
protocol. Reactions were incubated at 25°C for 10 minutes, followed by incubations at 
37°C for 120 minutes and at 85°C for 5 minutes. 
 
PCRs were carried out with HotStarTaq Plus Master Mix Kit (Qiagen) using HotStarTaq 
Plus DNA Polymerase (5 U/μl), and custom designed primers (listed below in Table 1) 
purchased from Sigma-Aldrich (human and mouse Gp130 and GAPDH primers) and 
Integrated DNA Technologies (human and mouse IPA primers). Gp130 amplifications 
were carried out using Gp130 primers and PCR conditions, starting with incubation at 
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95°C for 5 minutes, followed by 28 cycles at 95°C for 30 seconds, 51°C or 52.6°C for 30 
seconds, and 72°C for 1 minute, completing with the final extension at 72°C for 
10 minutes. GAPDH cycling conditions for amplification were 95°C for 5 minutes, 
followed by 24 cycles at 95°C for 30 seconds, 30 seconds at 51°C for human GAPDH 
primers and at 56°C for mouse GAPDH primers, and at 72°C for 30 seconds. The final 
extension was executed at 72°C for 10 minutes. IPA amplifications were carried out using 
IPA primers and 4 different annealing temperatures, depending on the primers used. 
Initially, 28 cycles were used, but after optimization, amplification with 30 cycles was 
done. PCR program for IPA amplification contained the starting temperature of 95°C for 
5 minutes, followed by 30 cycles of 95°C for 30 seconds, annealing the temperature listed 
next to the primers for 30 seconds, and 72°C for 1 minute, completed by the final extension 
at 72°C for 10 minutes. 
 
The success of PCR amplification was validated by Gel Electrophoresis using 2-percent 
agarose (Lonza) gel in 1x TAE buffer, stained with 0.625% Ethidium bromide (VWR). 
Electrophoresis was run for 1. 5 hours at 70 V and 200 mA. Gels were then imaged with 
the Molecular Imager® VersaDoc™ MP imaging system (Bio-Rad). 
 
Table 1: List of primers 
Preglednica 1: Seznam uporabljenih začetnih oligonukleotidov 
 
Primers Sequences Biding site Tm (°C) 
    
Human Gp130 
   Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ CCATCTTGTGAGAGTCACTTCATAATC 3′ exon 10 
 
    Forward primer 5′ GCAGCATACACAGATGAAGGTC 3′ exon 14 52.6 
Reverse primer 5′ TGGAGGAGTGTGAGGTGAC 3′ exon 16 
 
    Forward primer 5′ GAACAGCATCCAGTGTCACC 3′ Gp130 all 51 
Reverse primer 5′ CATTTTCTTCCCCTCGTTCAC 3′ 
   
Mouse Gp130 
   Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ TGACTGCGTAAGAATCACTTCATAATC 3′ exon 10 
 
    Forward primer 5′ TGGTTGTGCATGTGGATTCT 3′ exon 14 51 
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continuation of Table 1: List of primers 
 
Primers Sequences Biding site Tm (°C) 
    
Human IPA 
   Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 46.7 
Reverse primer 5′ TGCAGTTTGAATAAAATGATCACA 3′ intron 8 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 52.6 
Reverse primer 5′ GTTGCAGTGAGCCAAGATCA 3′ intron 9 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ TTTTCCACCCAAGAGTCAGG 3′ intron 10 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ AAGTCGTTTCAACGGACCAA 3′ intron 11 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ GAGTGAACACATTTGCTAACTGAAA 3′ intron 12 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 52.6 
Reverse primer 5′ GGTGTCTCCTGAGGCCAATA 3′ intron 13 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ CCACCAACCAAAGCCAGATA 3′ intron 14 
  
Mouse IPA 
   Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 56.2 
Reverse primer 5′ TGTACAGCAGTGAGGGCAAC 3′ intron 8 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
Reverse primer 5′ CTTGGTTGGCTTTTTCAGTAGC 3′ intron 9 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 52.6 
Reverse primer 5′ ACCGCTCCACCTTAGCAGTA 3′ intron 10 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 52.6 
Reverse primer 5′ GAGCCCGTGGTTCAGAGATA 3′ intron 11 
 
    Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 52.6 
Reverse primer 5′ AACCCTGGCTCTTCTGGAAT 3′ intron 12 
     
Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 
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continuation of Table 1: List of primers 
 
Primers Sequences Biding site Tm (°C) 
    
Forward primer 5′ AGGACCAAAGATGCCTCAACT 3′ exon 7 51 





Forward primer 5′ ACATCGCTCAGACACCATG 3′   
Reverse primer 5′ TGTAGTTGAGGTCAATGAAGGG 3′   
 
 
4.5 LUCIFERASE AND PROTEIN ASSAY 
For the experiment using SSOs, N2a cells were seeded in a 24-well plate (Corning 
Incorporated) at a density of 30,000 cells per well, and HeLa STAT3 reporter cells in a 96-
well plate (Corning Incorporated) at a density of 10,000 cells per well. N2a cells were 
maintained in the culture for 24 hours and then treated with SSOs in concentrations of 
50 nM and 100 nM. Cells were maintained in the culture for another 24 hours before the 
conditioned media was collected, spun down at 300 x g for 5 minutes, mixed with Hyper 
IL-6 (HIL-6), which was a kind gift from Stefan Rose-John, in a concentration of 2.5 ng 
per 500 μl of media, and transferred to HeLa STAT3 cells from which old conditioned 
media was previously removed. HeLa STAT3 cells were incubated with media for 8 hours. 
Afterward, the cells were lysed for 30 minutes using 0.1% Triton X-100 (VWR), and 25 μl 
of the lysate from each sample were transferred to a white 96-well assay plate with flat 
bottom (Corning Incorporated). Luciferase was measured using Luciferase Assay Substrate 
(Promega) and Glomax® 96 microplate luminometer (Promega).  
 
For the experiment using TNFα (Nordic BioSite), soluble IL-6 receptor (sIL-6R) (Sigma) 
and HIL-6, HeLa STAT3 cells were seeded in a 96-well plate at a density of 20,000 cells 
per well, maintained in the culture for 24 hours, followed by treatment with 5 ng/ml of 
TNFα. 4 hours post TNF-α induction, HIL-6 and sIL-6 were added to the cells in 
concentration of 5 ng/ml and 20 ng/ml, respectively, and incubated for 6 hours. Afterward, 
the cells were lysed, and luciferase was measured as described above. 
 
For normalization of the luciferase readings, DC™ Protein Assay (Bio-Rad) was used, 
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4.6 ALKALINE PHOSPHATASE ASSAY 
HEK-Blue IL-6 reporter cells were seeded in a 96-well plate at a density of 10,000 cells 
per well. While seeding, cells were induced with TNFα and HIL-6 in concentration of 
5 ng/ml. Induced cells were maintained in the culture for 24 hours. The next conditioned 
media was collected from the cells and spun down at 300 x g for 5 minutes. Validation of 
alkaline phosphatase activity was carried out on a supernatant, using QUANTI-Blue™ 
(InvivoGen) according to the manufacturer's protocol and determined with SpectraMax® 
i3x. 
 
4.7 FLOW CYTOMETRY  
N2a cells were plated in a 24-well plate at a density of 250,000 cells per well and kept in 
the culture for 24 hours, followed by 100 nM SSO transfections. After 24 hours of 
incubation, the conditioned media was removed and cells were trypsinized. The reaction 
was stopped with 200 μl of fresh DMEM, from which 100 μl was then transferred to a new 
96-well plate with a V-shaped bottom (Corning Incorporated). 3 μl of rat IgG anti-mouse 
Gp130 allophycocyanin (APC) conjugated antibody (R&D Systems) was added to half of 
the samples, followed by a 30-minute incubation at 4°C. Other half of the samples served 
as a control, thus nothing was added to them. When incubation time was over, 100 μl of 
PBS was added, and the plate was centrifuged for 5 minutes at 900 x g. Supernatant was 
discharged and 100 μl of PBS containing 10x 4′,6-diamidine-2′-phenylindole 
dihydrochloride (DAPI) (Sigma-Aldrich) was added to all samples. The plate was then 
analyzed using MACSQuant® Analyzer 10 (MACS Miltenyi Biotec) flow cytometer, and 
the data was processed with FlowJo® analysis platform (FlowJo, LLC). Three gates were 
applied to investigate and quantify the populations of interest. With the first gate, viable 
cells were selected, then gating for single cells was used, and Gp130 positive cells were 
chosen as last. 
 
4.8 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA) 
HeLa and Caco-2 cells were plated in a 96-well plate at a cell density of 10,000 cells per 
well and kept in the culture for 24 hours. Transfection with 100 nM and 200 nM SSOs and 
LF2000 was performed, and cells were incubated for 48 hours before harvesting. After 
48 hours, conditioned media was taken from the cells and spun down at 500 x g for 
5 minutes, followed by 2000 x g for 10 minutes. On the samples thus prepared, the ELISA 
was carried out using Human sGp130 DuoSet ELISA (R&D Systems) with mouse anti-
human Gp130 capture Ab, biotinylated goat anti-human detection antibody, 
horseradishperoxidase (HRP) conjugated streptavidin and substrate solution, as described 
in the Assay Procedure provided by the manufacturer. 
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When the experiment was repeated by using a wider range of different SSOs and modified 
RNA (modRNA), Caco-2 cells were seeded in a 24-well plate at a cell concentration of 
50,000 per well. Everything else was done as described above. 
 
4.9 WESTERN BLOT (WB) 
For Western blot analysis, samples from the cells and conditioned media were used. 
Conditioned media was taken from the cells and spun down at 500 x g for 5 minutes, 
followed by 2000 x g for 10 minutes. Supernatant was concentrated by using 0.5 ml 
10 kDa centrifugal filters (Sigma-Aldrich) according to the manufacturer's protocol. To 
prepare cell samples, cells were first scraped with a cell scraper (Sarstedt) and then 
centrifugated at 300 x g for 5 minutes. Supernatant was discarded and pellet with cells was 
lysed for 30 minutes on ice using 30 μl of Radioimmunoprecipitation assay buffer (RIPA) 
(Sigma-Aldrich), and then spun down at 18,000 x g for 10 minutes to remove the lipids. 
 
Conditioned media and cell samples prepared this way were mixed with sample buffer 
(0.8 M sodium carbonate (Na2CO3), 1 M dithiothreitol (DDT), 100% glycerol and 20% 
sodium dodecyl sulphate (SDS)), and heated at 65°C for 5 minutes. Samples were then 
loaded in 1.5 mm NuPAGE™ 4–12% Bis-Tris Gel (Invitrogen by Thermo Fisher 
Scientific) and ran at 120 V for 1.5–2 hours in NuPAGE™ MES SDS running buffer 
(Thermo Fisher Scientific), until the dye front reached the bottom of the tank. Proteins on 
the gel were transferred to an iBlot™ 2 nitrocellulose membrane (Invitrogen by Thermo 
Fisher Scientific) by using iBlot™ 2 Dry Blotting System (Invitrogen by Thermo Fisher 
Scientific) at 25 V for 7 minutes for one gel, or 12 minutes for two gels. Membranes were 
then incubated in Odyssey® blocking buffer (LI-COR) for 60 minutes at room temperature 
on a rocker with gentle shaking, followed by 5 washings every 5 minutes with PBS 
containing 0.1% Tween-20 (PBS-T). Afterward, the membranes were incubated for 1 hour 
at room temperature with primary antibody solutions. For EGCG experiments, anti-Gp130 
primary Ab was used for all samples, anti-Alix Ab was used for human and mouse 
conditioned media samples, anti-β-actin Ab was used for human cell samples, and anti-
GAPDH Ab was used for mouse cell samples; all at 1:1000 dilution from Abcam. For IPA 
experiments, anti-Gp130 Ab and anti-β-actin Ab were used for all the samples; both at 
1:1000 dilution. Membranes were washed with PBS-T for 5 times every 5 minutes before 
adding the secondary antibody solution where membranes were left for 1 hour at room 
temperature. Secondary antibodies that were used were anti-goat IgG DyLight-700 at 
1:15,000 dilution for detecting Gp130, anti-mouse IgG DyLight-800 at 1:15,000 dilution 
for detecting Alix and β-actin, and anti-rabbit IgG DyLight-800 at 1:15,000 dilution for 
detecting GAPDH. Secondary antibodies solutions were prepared with Odyssey® blocking 
buffer and PBS-T in 1:1 ratio. After the final incubation, the membranes were washed with 
PBS-T 5 times every 5 minutes and imaged with Odyssey® CLx Imaging System (LI-
COR).  
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4.10 EPIGALLOCATECHIN-3-GALLATE (EGCG) 
Huh7, HEK293T, C2C12 and N2a cells were seeded in a 6-well plate (Corning 
Incorporated) at a density of 250,000 cells per well and kept in the culture for 24 hours. 
Old DMEM was changed with Opti-MEM™, and cells were treated with 10 and 20 μM 
EGCG previously prepared solutions, followed by a 48-hour incubation. Conditioned 
media and cell samples were taken for Western blot and ELISA analysis, which were 
performed as described above. 
 
4.11 HEAT TRANSFORMATION 
Heat transformation was done on D1 and D1-2C decoy plasmids, kindly provided by Cold 
Spring Harbor Laboratory New York, in E. coli DH5-alpha competent cells (Subcloning 
Efficiency™ DH5α™ Competent Cells, Thermo Fisher Scientific). Tubes containing DH5-
alpha, plasmid and LB media were shaken at 225 rpm and 37°C for 1 hour. 50 μl from 
each transformation was spread on selective plates containing 50 μg/ml ampicillin and 
incubated overnight at 37°C. Single colony was then amplified in 5 ml of LB media with 
100 μg/ml of ampicillin at 37°C and 225 rpm in an incubator shaker. Plasmids were 
purified using QIAGEN Plasmid Maxi Kit (Qiagen) according to the manufacturer's 
instructions. The concentration of plasmids was determined by NanoPhotometer NP80.  
 
4.12 ALTERNATIVE INTRONIC POLYADENYLATION (IPA) 
At first, Huh7, HEK293T, C2C12 and N2a cells were seeded in a 24-well plate at a cell 
density of 15,000 for C2C12 and N2a cells, and of 30,000 for the Huh7 and HEK293T. 
Cells were maintained in the culture for 48 hours before they were transfected with the D1 
and D1-2C plasmids in a concentration of 500 ng per well. After 24 hours, RNA extraction 
and RT-PCR were carried out.  
 
Later on, Huh7, HEK293T, C2C12 and N2a cells were seeded in a 6-well plate at a cell 
concentration of 200,000 for C2C12 and N2a cells and of 250,000 for Huh7 and 
HEK293T, and kept in the culture for 24 hours. Transfection with D1 and phSEC plasmids 
was performed, and 4 hours after transfection, DMEM was changed to Opti-MEM™ with 
1% penicillin and streptomycin. After 48 hours, RNA was extracted, and samples for 
ELISA and Western blot analyses were prepared. RT-PCR, ELISA and Western blot 
analyses were performed as described above. 
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4.13 SEQUENCING  
PCR products obtained from IPA experiment have been purified by using QIA Spin 
Miniprep Kit (Qiagen) according to the manufacturer's instruction, and subjected to Sanger 
sequencing (Eurofins Genomics). 
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5.1 ENDOGENOUS EXPRESSION OF Gp130 IN HUMAN AND MOUSE CELLS 
Contrary to IL-6R, which has a relatively limited expression and is only abundant in 
immune cells, Gp130 is ubiquitously expressed among majority of cell types. Human and 
mouse cell lines used for further experiments were selected according to the literature and 
previous in-lab experiments. To assure that chosen cells factually manifest Gp130, the 
endogenous transcript of this signal-transducing receptor was evaluated by RNA RT-PCR 
with Gp130 human and mouse primers targeting exon 7 and exon 10. Reactions were 
loaded on 2-percent agarose gel. PCR product corresponding to the Gp130 was observed in 
all tested lines (Figure 8). According to the intensity of the bands, Huh7, HeLa and C2C12 
are cells with the highest endogenous Gp130 expression, as compared to HEK293T, Caco-




Figure 8: Endogenous expression of Gp130 receptor in different human (Huh7, HEK293T, HeLa and Caco-
2) and mouse (C2C12 and N2a) cell lines. 2-percent agarose gel image shows total PCR products, with bands 
corresponding to full-length Gp130. 
Slika 8: Endogeno izražanje receptorja Gp130 v različnih humanih (Huh7, HEK293T, HeLa in Caco-2) in 
mišjih (C2C12 in N2a) celičnih linijah. Slika 2-odstotnega agaroznega gela kaže skupne produkte PCR, z 
lisami, ki ustrezajo dolžini osnovne oblike Gp130. 
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5.2 SCREENING OF 2′-O-Me-PS SSOs TARGETED AGAINST EXON 9 AND 
EXON 15 IN HUMAN AND MOUSE Gp130, AND IDENTIFICATION OF A 
SOLUBLE Gp130 RECEPTOR mRNA 
All SSOs used in this study are 2′-O-Me-PS modified SSOs that were designed to target 
three splicing elements – 5′ss, 3′ss and ESE of mouse and human Gp130 exons 9 and 15. 
As presented in Figure 9, the mouse and human SSO 9-1 is directed against 3′ splice site 
and SSO 9-3 is directed against 5′ splice site of exon 9. These two SSOs redirect splicing 
by binding to the intron-exon boundaries, thus blocking the recognition of RNA sequence 
by spliceosome assembly. Consequently, exon 9 is skipped, and premature stop code in 
exon 10 leads to soluble isoform Gp130-RAPS. In case of exon 15, SSO 15-1 targets 
3′ splice site, 15-2 binds to ESE, and 15-3 targets 5′ splice site. Mentioned SSOs use the 
same principle as the ones targeting exon 9, only exon 15 is skipped instead of 9 and 
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Figure 9: Different 2′-O-Me-PS SSOs designed for Gp130 exon 9 and exon 15 skipping with their respective 
splice elements. 
Slika 9: Različni 2′-O-Me-PS SSO-ji, namenjeni izrezovanju Gp130 eksona 9 in eksona 15, s pripadajočimi 
elementi. 
 
To evaluate the efficacy of designed SSOs, in vitro testing was carried out on Huh7, 
HEK293T, C2C12 and N2a cell lines. Cells were transfected with 100 nM of human or 
mouse 9-1, 9-3, 15-1 and 15-3 SSOs, following by RNA isolation and RT-PCR. PCR with 
obtained cDNA was performed. For the evaluation of Gp130 exon 9 skipping, mouse and 
human Gp130 primers specific to exon 7 and exon 10 were used, while for the evaluation 
of exon 15 skipping, primers targeting exon 14 and exon 16 were used. Samples from 
untreated cells served as a negative control. To normalize the results, another PCR was 
carried out with mouse and human GAPDH primers. Glyceraldehyde 3-phosphate 
dehydrogenase (abbreviated as GAPDH) is a glycolytic enzyme with multiple autonomous 
functions (Kosova et al., 2017). GAPDH gene is constitutively expressed at high levels in 
most tissues and cells, therefore it is considered as a housekeeping gene and commonly 
used in molecular biology as a control.  
 
Obtained results, presented in Figure 10 and Figure 11, indicate that SSOs, targeting mouse 
or human exon 9 and exon 15, successfully induced exon skipping in exon 9 and 15, 
leading to the production of two soluble Gp130 isoforms mRNA Gp130-RAPS and 
Gp130-Sharkey, respectively. Designed SSOs managed to induce alternative splicing in all 
used human and mouse cell lines. In comparison with untreated samples, samples upon 
SSOs transfection possess two bands on the gel, the first one corresponding to full-length 
Gp130 mRNA and the second one to the soluble mRNA variants. Amplicons representing 
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the full-size Gp130 mRNA are different in size comparing the samples of exon 9 and 15 
skipping, because different primers were used to amplify them. With samples HEK293T 9-
1, N2a 9-1 and N2a 9-3, bands are faded, but they correlate to the GAPDH normalization, 
meaning that it was probably less cDNA present in the PCR reaction. With N2a samples, 
lines of soluble variants are more pronounced than the ones from full-length which 
indicates that SSOs did not only induce the soluble variant of the protein, but also 
downregulated the membrane bound Gp130. All in all, acquired data imply that SSOs with 
2′O-Me-PS chemistry targeting exon 9 and exon 15 splicing regulatory elements are able 
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Figure 10: Screening of SSOs targeted against exon 9 and exon 15 in human Huh7 and HEK293T cell lines. 
2-percent agarose gel image showing total RNA RT-PCR. Higher bands indicate full-length Gp130 while 
lower ones represent splice variants sGp130-RAPS and sGp130-Sharkey (gel A and B). Results were 
normalized using human GAPDH primers, shown on the last gel C. 
Slika 10: Preverjanje SSO-jev, usmerjenih proti eksonu 9 in eksonu 15, v humanih Huh7 in HEK293T 
celičnih linijah. Slika 2-odstotnega agaroznega gela prikazuje celoten RNA RT-PCR. Zgornje lise 
predstavljajo osnovno obliko Gp130, spodnje pa različici topnega proteina Gp130, imenovani sGp130-RAPS 
in sGp130-Sharkey (gela A in B). Rezultati so bili normalizirani z uporabo humanih GAPDH začetnih 
oligonukleotidov, prikazanih na zadnjem gelu C. 
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Figure 11: Screening of SSOs targeted against exon 9 and exon 15 in mouse C2C12 and N2a cell lines. 2-
percent agarose gel image showing total RNA RT-PCR. Higher bands indicate full-length Gp130 while lower 
ones represent splice variants sGp130-RAPS and sGp130-Sharkey (gel A and B). Results were normalized 
using mouse GAPDH primers, shown on the last gel C. 
Slika 11: Preverjanje SSO-jev, usmerjenih proti eksonu 9 in eksonu 15, v mišjih C2C12 in N2a celičnih 
linijah. Slika 2-odstotnega agaroznega gela prikazuje celoten RNA RT-PCR. Zgornje lise predstavljajo 
osnovno obliko Gp130, spodnje pa topni izoobliki Gp130, imenovani sGp130-RAPS in sGp130-Sharkey 
(gela A in B). Rezultati so bili normalizirani z uporabo mišjih GAPDH začetnih oligonukleotidov, prikazanih 
na zadnjem gelu C. 
 
5.3 STAT3 PHOSPHORYLATION IN HEK-Blue™ AND HeLa STAT3 REPORTER 
CELL LINES  
Expression of the IL-6 gene is tightly regulated under the steady state conditions. As an 
answer to bacterial endotoxin lipopolysaccharide (LPS), phytohemagglutinin (PHA) and 
viral infections, IL-6 is released by activated monocytes. It was shown that its expression 
could also be induced in other cell types like B- and T-cells, fibroblasts, glia cells and 
endothelial cells in response to divergent stimuli (Libermann and Baltimore, 1990). One of 
the factors that can induce IL-6 production in most of the cells is TNFα, which activates 
NF-κB signaling pathway via phosphorylation of I-Kappa-B Kinase (IKKβ). In turn, IKKβ 
causes dissociation of the inhibitor in the inhibitor/NF-κB complex and activation of NF-
κB which binds to the putative binding site on the IL-6 promoter further initiating 
expression of IL-6 (Libermann and Baltimore, 1990; Cahill and Rogers, 2008).  
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Activation of the NF-κB is one of the earliest responses after an inflammatory insult to the 
body. It triggers expression of various genes involved in inflammation, immune response, 
growth control, and apoptosis process. Recently a novel inflammation control mechanism 
called the inflammation amplifier was identified. It is defined as a hyper induction of the 
IL-6 and chemokines in nonimmune cells that arise from simultaneous activation of NF-κB 
and STAT3 signaling pathways. When NF-κB is activated by the inflammation stimuli 
such as TNFα, production of IL-6 is synergistically enhanced by activated STAT3. Even 
though precise molecular mechanism behind this synergistic effect remains elusive, the 
concomitant activation of NF-κB and STAT3 for the amplification of IL-6 production in 
nonimmune cells is considered one of the main reasons for the induction and maintenance 
of inflammation (Yoshimoto and Yoshimoto, 2014). 
 
To assess expression of the IL-6 triggered by various stimuli and monitor IL-6 signaling 
transduction via STAT3 phosphorylation, two distinct reporter cell lines were used. HEK-
Blue™ IL-6 by InvivoGen is a reporter cell line generated by stable introduction of the 
human IL-6R gene into HEK293 cells and transfection with a reporter gene expressing a 
secreted embryonic alkaline phosphatase (SEAP) under the control of the INFb minimal 
promoter fused to four STAT3 binding sites for detection. It allows a specific monitoring 
of the JAK-STAT pathway induced by the IL-6. When STAT3 phosphorylation is 
triggered by IL-6, it subsequently causes SEAP secretion which can be detected using a 
QUANTI-Blue™ detection medium (HEK-Blue™ IL-6 Cells: Interleukin 6 sensor cells, 
2018). HEK-Blue™ IL-6 cells were seeded in a 96-well plate and induced with a 5 ng/ml 
of TNFα and/or HIL-6. HIL-6 is a fusion protein consisting of IL-6 and sIL-6R, mimicking 
IL-6 trans-signaling (Rose-John, 2012). After 24 hours, conditioned media was collected 
and validated for SEAP activity. As presented in Figure 12, only TNFα did not 
significantly induce IL-6 expression via NF-κB in comparison with the untreated 
(P > 0.05). When HIL-6 was added to the cells, it bound to the Gp130 presented on the cell 
surface and generated a significant increase in the STAT3 phosphorylation in cells that 
lacked IL-6R (P < 0.0001). To mimic the inflammation amplifier, both TNFα and HIL-6 
were added. As a result, the highest SEAP activity was measured (P < 0.0001), proving 
positive feedback loop present in the inflammation amplifier where NF-κB and STAT3 act 
reciprocal on IL-6 expression. 
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Figure 12: SEAP activity in HEK-Blue™ IL-6 reporter cell line, triggered by TNFα and/or HIL-6. The 
graph was made using GraphPad Prism 7. Statistical analysis was done with One-Way ANOVA and 
Dunnett's multiple comparisons test. Data represent mean + SD of three replicates. **** (P < 0.0001), ns 
(P > 0.05) – not significant, versus untreated. 
Slika 12: Aktivnost SEAP, sprožena s TNFα in/ali HIL-6, v HEK-Blue™ IL-6 reporterski celični liniji. Graf 
je bil narejen s programom GraphPad Prism 7. Statistična analiza je bila opravljena z enosmernim ANOVA 
testom in Dunnett testom. Podatki predstavljajo povprečni standardni odklon treh ponovitev. **** 
(P < 0.0001), ns (P > 0.05) – statistično nepomembno, v primerjavi z netretiranimi vzorci. 
 
The second reporter cell line used for this experiment was HeLa STA3 Luciferase stable 
cell line by Signosis. It was established by transfection of pTa-STAT3-luciferase reporter 
vector consisting of 4 repeats of STAT3 binding sites and minimal promoter upstream of 
the firefly luciferase coding region. It can be used as a reporter system for monitoring 
STAT3 activation by different treatment, enforced gene expression and gene knockdown. 
Phosphorylated STAT3 induced by different factors binds to one of the binding sites and 
drives luciferase expression which further generates light in an enzymatic assay. The 
measured amount of light corresponds to the level of activated STAT3 (Stat3 Luciferase 
Reporter HeLa Stable Cell Line, 2018). For the purpose of this experiment, HeLa STAT3 
cells were seeded in a 96-well plate and maintained in the culture for 24 hours, followed by 
treatment with 5 ng/ml of TNFα. 4 hours post TNFα induction, HIL-6 or sIL-6R were 
added to the cells in concentration of 5 ng/ml and 20 ng/ml, respectively, and incubated for 
6 hours. Afterward, the cells were lysed, and luciferase was measured. For normalization 
of the luciferase readings, DC™ Protein Assay was used. Results of the experiment can be 
seen in Figure 13. Peak representing untreated samples is relatively high, indicating a 
naturally present IL-6. As in the previous experiment with HEK-Blue™ cells, TNFα alone 
did not lead to significant IL-6 expression compared with the untreated (P > 0.05). When 
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only sIL-6R was added to the cells, it provided IL-6 sensitivity to the cells that do not 
express membrane bound IL-6R resulting in STAT3 activation via IL-6 trans-signaling 
pathway (P < 0.001). TNFα together with sIL-6 led to significant increase in detected 
luciferase (P < 0.0001). To wit, NF-κB triggered by TNFα elevated IL-6 concentration in 
the media which further formed a complex with sIL-6R and signaled back through trans-
signaling, ensuing STAT3 phosphorylation. Stimulation by HIL-6 arose significant 
activation of the IL-6 signaling pathway (P < 0.0001), since HIL-6 was directly tied to 
Gp130 on the cell surface and induced IL-6 transcription. Combined TNFα and HIL-6 
caused the inflammation amplifier effect resulting in a high measured luciferase 
(P < 0.0001), which is a consequence of the STAT3 phosphorylation by HIL-6 and by IL-6 
induced through NF-kB activation. Theoretically, peak typifying TNFα + HIL-6 should 
exceed peak corresponding to HIL-6 alone. Possibly cells do not express that much Gp130, 
therefore produced IL-6 cannot signal back in the full extent. 
 
 
Figure 13: Relative Light Unit RLU/mg protein in HeLa STAT3 Luciferase reporter cell line, induced by 
TNFα, sIL-6R and/or HIL-6. The graph was made using GraphPad Prism 7. Statistical analysis was done 
with One-Way ANOVA and Dunnett's multiple comparisons test. Data represent mean + SD of three 
replicates. **** (P < 0.0001), ** (P < 0.001), ns (P > 0.05) – not significant, versus untreated. 
Slika 13: Indukcija RLU/mg proteinov z TNFα, sIL-6R in/ali HIL-6 v HeLa STAT3 Luciferaza reporterski 
celični liniji. Graf je bil narejen s programom GraphPad Prism 7. Statistična analiza je bila opravljena z 
enosmernim ANOVA testom in Dunnett testom. Podatki predstavljajo povprečni standardni odklon treh 
ponovitev. **** (P < 0.0001), ** (P < 0.001), ns (P > 0,05) – statistično nepomembno, v primerjavi z 
netretiranimi vzorci. 
 
To sum up, the results of both experiments confirm the inflammation amplifier theory and 
nicely show IL-6 trans-signaling in cells lacking membrane bound IL-6R. 
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5.4 SSOs INDUCED DOWN REGULATION OF IL-6 SIGNALING 
TRANSDUCTION IN HeLa STAT3 REPORTER CELL LINE 
HeLa STAT3 cells represent a good model for surveying IL-6 trans-signaling pathway. 
When designed SSOs are introduced to the cells, they target Gp130 pre-mRNA, 
upregulating soluble protein isoform expression and simultaneously downregulating 
membrane bound isoform. Accordingly, less STAT3 should get phosphorylated under the 
stimuli directed towards triggering IL-6 signaling pathway in HeLa STAT3 cells. 
 
 
Figure 14: Relative Light Unit RLU/mg protein in HeLa STAT3 Luciferase reporter cell line after the 
treatment with 9-1, 9-3 and 15-2 SSOs. The graph was made using GraphPad Prism 7. Statistical analysis 
was done with Two-Way ANOVA and Fischer's LSD test. Data represent mean + SD of three replicates. 
Only 100 nM 9-3 SSO induced significant effect compared with untreated. * (P < 0.03), versus untreated. 
Slika 14: Indukcija RLU/mg proteinov z 9-1, 9-3 in 15-2 SSO-ji v HeLa STAT3 Luciferaza reporterski 
celični liniji. Graf je bil narejen s programom GraphPad Prism 7. Statistična analiza je bila opravljena z 
dvosmernim ANOVA testom in Fischer's LSD testom. Podatki predstavljajo povprečni standardni odklon 
treh ponovitev. 100 nM 9-3 SSO je edini induciral statistično pomemben učinek. * (P < 0.03), v primerjavi z 
netretiranimi vzorci.  
 
To test this theory, N2a cells were seeded in a 24-well plate and after 24 hours treated with 
mouse 9-1, 9-3 and 15-2 SSOs in 50 and 100 nM concentrations. Cells were kept in the 
culture for 24 hours before conditioned media was collected and mixed with HIL-6 (2.5 ng 
per 500 of media), which was added to induce IL-6 trans-signaling in HeLa STAT3 cell. 
Mixture was transferred to the previously seeded HeLa STAT3 from which old media was 
removed and incubated for 8 hours. Thereafter, the cells were lysed, and luciferase was 
measured. For normalization of the luciferase readings, DC™ Protein Assay was used. 
Contrary to untreated cell that served as a negative control, downregulation of STAT3 
phosphorylation can be seen in the examined cells (Figure 14), although a significantly 
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reduced STAT3 activation is observed only in 100 nM 9-3 SSO (P < 0.03). All three tested 
SSOs induced alternative splicing in N2a cells, resulting in more sGp130 variants in the 
media. When HIL-6 was added to the media, it formed a complex with sGp130, hence less 
HIL-6 was accessible for signaling via mGp130 leading to diminished STAT3 
phosphorylation and measured RLU/mg. There is no sizable difference between results 
obtained from 50 and 100 nM SSOs concentration, indicating that SSOs even in the lower 
concentration can still produce a desirable upshot. Regarding the comparison between 
SSOs targeting exon-intron boundaries and SSOs targeting internal exonic sequences, 
obtained data propose higher efficacy of the exon-intron boundaries directed SSOs, which 
is in line with some of the previous studies. All in all, acquired results show that our 
designed SSOs are able to induce sGp130 isoforms that function as a natural antagonist of 
IL-6 trans-signaling, sequestering sIL-6R/IL-6 heterodimer and preventing its binding to 
mGp130. 
 
5.5 DOWNREGULATION OF THE CELL SURFACE Gp130 IN THE N2a CELLS 
As already mentioned, SSOs trigger a double effect – soluble Gp130 variants are produced, 
and the quantity of the membrane bound Gp130 is decreased. To furthermore appraise the 
downregulation capability of the designed SSOs, an experiment with flow cytometer using 
APC conjugated anti-Gp130 antibodies was conducted. For a negative control, 705 SSO 
was used. 705 SSO is a 2′-O-methyl-oligoribonucleotide which was designed to target the 
aberrant splice sites in HeLa pLuc/705 cells. HeLa pLuc/705 is a cell line carrying 
luciferase gene interrupted by a mutated human α-globin intron 2 (IVS2-705). The 
mutation in the intron causes aberrant splicing of luciferase pre-mRNA, preventing 
translation of luciferase. When 705 SSO is introduced to the cells, it induces correct 
splicing, restoring the luciferase activity (Kang et al., 1998). In any other cells but HeLa 
pLuc/705, treatment with 705 SSOs should not generate any effect.  
 
Initially, N2a cells were transfected with 100 nM of 9-1, 9-3, 15-1, 15-3 and 705 SSOs, 
and incubated for 24 hours before treated with trypsin. Half of the samples served as a 
control, others were added 3 μl of rat IgG anti-mouse Gp130 Ab labeled with APC. APC is 
a phycobiliprotein isolated from red algae that exhibits far-red fluorescence with high 
quantum yields. It is excited by laser lines at 594 and 633 nm. After the incubation and 
centrifugation, PBS containing DAPI was added to distinguish between live and dead cells, 
and the plate was analyzed using flow cytometry. To investigate and quantify the 
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Figure 15: FlowJo analysis of the 
mGp130 expression after the 
treatment with 9-1, 9-3, 15-1 and 
15-3 SSOs, and 705 SSO as a 
negative control. (A) The graph 
with percentage of the Gp130 
negative cells (made with 
GraphPad Prism 7) and 
histograms showing total Gp130 
expression, with a vertical line 
marking a transition between 
Gp130 negative (left) and 
positive (right) cells. (B) 
Histograms for Gp130 expression 
in each sample from a 
representative experiment with 
horizontal lines marking Gp130 
negative and positive cells. 
Slika 15: FlowJo analiza 
ekspresije mGp130 po tretiranju 
celic z 9-1, 9-3, 15-1 in 15-3 
SSO-ji. 705 SSO je služil kot 
negativna kontrola. (A) Graf, 
narejen s programom GraphPad 
Prism 7, prikazuje odstotke 
negativnih celic. Histogram 
prikazuje celotno ekspresijo 
Gp130, pri čemer vertikalna črta 
nakazuje mejo med negativnimi 
(levo) in pozitivnimi celicami 
(desno) Gp130. (B) Histogram 
ekspresije Gp130 v posameznih 
vzorcih, s horizontalno črto, ki 
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Efficiency of the mGp130 downregulation is presented as a proportion of the Gp130 
negative cells. APC tagged anti-Gp130 Ab added to the cells bound to the Gp130 receptors 
on the cell membrane and emitted fluorescent signal when excited with the laser. As seen 
from the results in Figure 15, all tested SSOs induced reduction in the mGp130. Percentage 
of the Gp130 negative cells is less than one with untreated cells and less than two with 705 
SSO (Figure 15 A). Gp130 expression shifted to the left (Figure 15 A), indicating 
reduction in the Gp130 present on the cell surface. Looking at the single parameter 
histograms (Figure 15 B), transference to the left can be seen as well. The most successful 
SSO that induced the greatest mGp130 depletion was 9-3 SSO with more than 8% of 
Gp130 negative cells. The lowest downregulation was obtained using SSOs 15-1 and 15-3. 
According to these results SSOs targeting exon-intron boundaries in exon 9 are more 
efficient over the ones directed against exon 15.  
 
5.6 DETECTING THE sGp130 ISOFORMS IN CULTURE SUPERNATANTS 
Since downregulation of the membrane isoform induced with SSOs was demonstrated, the 
second part of the SSOs dual effect, upregulation of the soluble variants, had to be proven 
as well. Moreover, translation of the different exon skipped Gp130 isoform mRNAs, as 
seen on the representative gel in Figure 10, to proteins required to be tested as well. To 
detect sGp130 variants, ELISA Human Gp130 DuoSet kit was used in HeLa and Caco-2 
cells, previously transfected with 9-1, 9-3, 15-2, 15-3 and 705 SSOs in 100 and 200 nM 
concentrations, and kept in the culture for 48 hours. 705 SSO served as a negative control.  
 
Soluble Gp130 variants are naturally presented, hence 705 SSO control and untreated cells 
show a background of these isoforms. It was expected that peaks representing SSO 
treatment will exceed untreated cell peak, but instead, an opposite result was seen with 100 
and 200 nM SSOs in both HeLa and Caco-2 cells (Figure 16). Amount of sGp130 detected 
in every tested culture supernatant after SSOs transfection was significantly lower 
(P < 0.0001) in comparison with the untreated. Instead of upregulation, downregulation 
was obtained. There are two most probable explanations described below why the obtained 
effect is contradictory to the expected one. When comparing different SSOs between 
themselves, there was no observable difference. All of them induced downregulation, and 
neither SSOs targeting exon 9 nor SSOs targeting exon 15 were more effective. It was seen 
from the previously conducted experiments by different groups that SSOs targeting exon-
intron boundaries were slightly more potent than the ones targeting ESEs. But in this study, 
these results indicate no measurable difference whatsoever. Looking into various studies, 
there is no rule regarding the efficiency of the SSOs. In some studies, SSOs against exon-
intron boundaries are more effective versus SSOs directed towards ESEs, and vice versa. 
Therefore, effectiveness of SSOs depends more on the specific RNA target rather than on 
the targeted splice elements or sites. 
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Figure 16: ELISA analysis of the sGp130 expression in HeLa and Caco-2 culture supernatants after the 
treatment with 100 and 200 nM of 9-1, 9-3, 15-2 and 15-3 SSOs, and 705 SSO as a negative control. The 
graph was made using GraphPad Prism 7. Statistical analysis was done with Two-Way ANOVA and 
Dunnett's multiple comparisons test. Data represent mean + SD of three replicates. **** (P < 0.0001), * 
(P < 0.02), ns (P > 0.05) – not significant, versus untreated. (A) HeLa cells treated with 100 nM SSOs. (B) 
HeLa cells treated with 200 nM SSOs. (C) Caco-2 cells treated with 100 nM SSOs. (D) Caco-2 cells treated 
with 200 nM SSOs. 
Slika 16: ELISA analiza ekspresije Gp130 v HeLa in Caco-2 celičnem supernatantu po indukciji celic s 100 
in 200 nM 9-1, 9-3, 15-2 in 15-3 SSO-ji ter 705 SSO-jem kot negativno kontrolo. Graf je bil narejen s 
programom GraphPad Prism 7. Statistična analiza je bila opravljena z dvosmernim ANOVA testom in 
Dunnett testom. Podatki predstavljajo povprečni standardni odklon treh ponovitev. **** (P < 0.0001), * 
(P < 0.02), ns (P > 0.05) – statistično nepomembno, v primerjavi z netretiranimi vzorci. (A) HeLa celice, 
tretirane s 100 nM SSO-ji. (B) HeLa celice, tretirane z 200 nM SSO-ji. (C) Caco-2 celice, tretirane s 100 nM 
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First explanation why depletion of sGp130 was obtained is limitations of the used 
antibodies. Antibodies supplied in the kit are directed towards Gp130 extracellular domain, 
likely only detecting endogenous sGp130, and no specific isoforms are produced by SSOs. 
When Narazaki et al. (1993) detected two endogenous Gp130 soluble forms with 
molecular weights of 90 and 110 kDa in human serum, they likewise used monoclonal 
antibody directed against extracellular domain. For sGp130-RAPS identification, special 
antibodies targeting its novel C terminus were used (Tanaka et al., 2000). To endorse this, 
new specific antibodies against sGp130-RAPS induced by SSOs 9-1 and 9-3, and against 
sGp130-Sharkey induced by 15-2 and 15-3 would have to be produced and tested.  
 
The second option for the clarification of the obtained results is nonsense-mediated decay 
(NMD) – an endogenous eukaryotic RNA surveillance mechanism that recognizes 
transcripts containing translation termination codons positioned in abnormal contexts and 
targets them for degradation (Lykke-Andersen and Jensen, 2015; Yeo, 2014). NMD is part 
of the general cellular quality control system which prevents production of the aberrant 
protein. Moreover, NMD also helps cells to dynamically adjust their transcriptomes and 
proteomes to varying physiological conditions. It still remains poorly understood the 
mechanism by which the NMD-activated translation termination is distinguished from the 
standard translation termination (Lykke-Andersen and Jensen, 2015). Alternative splicing 
events almost always affect the coding sequence, with half of them altering the reading 
frame and a third leading to the NMD (Matlin et al., 2005). Typical targets undergoing 
NMD contain termination codon situated more than 50–55 nucleotides (nt) upstream of the 
last exon-exon junction or have a long 3′-UTR. NMD is also stimulated when termination 
codon is positioned upstream of the splicing-dependent exon-junction complex (EJC) 
which lays approximately 24 nt upstream of the exon-exon junction (Lykke-Andersen and 
Jensen, 2015). Even if open reading frame (ORF) remains unchanged, mRNA can still be a 
substrate for NMD (Matlin et al., 2005). When splicing is modulated via SSOs, it can lead 
to: intron retention resulting in introduction of a new premature termination codon (PTC); 
to exclusion of the exon from the ORF leading to frameshifting; to inclusion of the 
alternative exon which may contain a PTC or introduce one by frameshift; and to splicing 
within the mRNA 3′-UTR, causing the assembly of an EJC downstream of a standard stop 
codon (Lykke-Andersen and Jensen, 2015). SSOs can also be modified in a way that they 
induce the out-of-frame exon skipping triggering forced splicing-dependent NMD (FSD-
NMD) (Zammarchi et al., 2011).  
 
When HeLa and Caco-2 cells were treated with designed SSOs, production of the soluble 
Gp130 isoforms was almost entirely redirected from the endogenous to specific ones 
induced by SSOs, namely sGp130-RAPS and sGp130-Sharkey. SSOs targeting exon 9 and 
exon 15 result in the exon 9 or exon 15 skipping causing PTC and long 3′-UTR, so it is 
distinctly possible that mRNA produced after SSOs treatment are sensitive to NMD. That 
is why downregulation is seen instead of upregulation. We did prove that SSOs are altering 
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splicing effectively and that different soluble mRNA isoforms of the Gp130 receptor are 
produced, but these mRNAs are possibly never translated to the protein, leading to 
depletion in the detected proteins versus the untreated. Signals detected by ELISA are from 
the endogenous sGp130s that are still produced, only in smaller concentrations because of 
the SSOs. When Zammarchi et al. (2011) conducted the experiment using SSOs that 
deliberately trigger FSD-NMD, they saw almost a complete loss of STATα (endogenous) 
and STATβ (SSOs-triggered) isoforms. Furthermore, when comparing SSOs triggering 
FSD-NMD to the SSOs inducing alternative spliced mRNA that do not undergo NMD, 
they observed reduction of both isoforms and induction of STATβ with reduction of 
STATα at the RNA and protein levels, respectively. The same effect was seen in vitro as 
well as in vivo. These findings correlate with our obtained results. When SSOs-induced 
alternative-spliced mRNAs translate to protein, a double effect is seen, whereas with 




Figure 17: ELISA analysis of the sGp130 expression in Caco-2 culture supernatant after the treatment with 
100 and 200 nM of 9-1, 9-3, 15-2, 15-3, 9-1 + 9-3, 15-2 + 9-3 SSOs, with 705 SSO as a negative control, and 
modRNA as a positive control. Significant downregulation of the sGp130 isoforms is obtained with all SSOs 
treatment. The graph was made using GraphPad Prism 7. Statistical analysis was done with Two-Way 
ANOVA and Dunnett's multiple comparisons test. Data represent mean + SD of three replicates. *** 
(P < 0.0001), versus modRNA. 
Slika 17: ELISA analiza ekspresije Gp130 v Caco-2 celičnem supernatantu po indukciji celic s 100 in 
200 nM 9-1, 9-3, 15-2, 15-3, 9-1 + 9-3, 15-2 + 9-3 SSO-ji, ter 705 SSO-jem kot negativno kontrolo in 
modRNA kot pozitivno kontrolo. Znatno zmanjšanje topnih izooblik Gp130 je bilo zaznano po tretiranju 
celic z vsemi SSO-ji. Graf je bil narejen s programom GraphPad Prism 7. Statistična analiza je bila 
opravljena z dvosmernim ANOVA testom in Dunnett testom. Podatki predstavljajo povprečni standardni 
odklon treh ponovitev. *** (P < 0.0001), v primerjavi z modRNA. 
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To further endorse downregulation results, a second experiment using 100 and 200 nM 
SSOs in Caco-2 cells was done, presented in Figure 17. In addition to the already used 
SSOs, a combination of 9-1 + 9-3 SSOs and 15-2 + 9-3 was used. Amalgamation of the 
two SSOs was applied to overcome strong signals from the splice sites, for which reason 
desired soluble isoform may not have been produced. Moreover, modRNA, RNA 
expressing soluble Gp130 protein, served as a positive control. Results from this 
experiment are the same as from the one before, confirming the downregulation effect. 
Downregulation is obtained with all applied SSOs, also in combination of the two SSOs. 
modRNA was successfully translated to sGp130, and a strong signal was recorded. 
 
Notwithstanding that upregulation of the sGp130 variants in the conditioned media was not 
manifested, downregulation of the sGp130 variants was obtained which is still a positive 
result. Double downregulation – reduction in the mGp130 and sGp130 that was seen 
heretofore – is close to the knockdown but less extensive since some Gp130 is still being 
produced, keeping normal Gp130 receptor functions intact. What is more, cell lines 
systems are artificial, and the results obtained in vitro may differ from the in vivo data. To 
survey this, additional in vivo studies on designed SSOs must be conducted.  
 
5.7 INDUCTION OF sGp130 BY EPIGALLOCATECHIN-3-GALLATE 
It was reported that epigallocatechin-3-gallate (EGCG), a potent anti-inflammatory 
molecule with antiarthritic and immunomodulating properties found in green tea, inhibits 
IL-6 synthesis and suppresses trans-signaling by inducing alternative splicing of Gp130 
mRNA, resulting in enhanced sGp130 production (Ahmed et al., 2008). EGCG (10 and 20 
μM) treatment inhibited IL-1β-induced IL-6 production in RA synovial fibroblast by up to 
49% compared to the samples treated only with IL-1β. Further, EGCG inhibited Gp130 
mRNA encoding full-length Gp130 and increased mRNAs encoding for sGp130 and 
sGp130-RAPS. In vivo experiments using rat adjuvant-induced arthritis (AIA) model 
confirmed these results (Ahmed et al., 2008). 
 
EGCG-mediated upregulation of the sGp130 production prompted us to test its effect on 
our cell lines. Huh7, HEK293T, C2C12 and N2a cells were treated with 10 and 20 μM 
EGCG followed by a 48-hour incubation. ELISA was performed on conditioned media 
samples, using mouse or human ELISA kit with antibodies directed against Gp130 
extracellular domain, detecting full-length Gp130 and soluble isoforms. Western blotting 
was carried out on conditioned media and cell samples using the same anti-Gp130 
antibody for mouse and human samples, which was as well targeting extracellular domain 
of Gp130 protein. For normalization of the Western blotting anti-GAPDH, anti-β-Actin 
and anti-ALG-2-interacting protein X (Alix) antibodies were used. Alix is ubiquitously 
expressed cytoplasmic protein, whereas β-Actin is globular protein forming 
microfilaments. They are both commonly used loading controls.  
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ELISA results (Figure 18) are irreconcilable to the data obtained by Ahmed et al. (2008). 
Samples treated with 10 or 20 μM EGCG from Huh7, HEK293T and N2a do not show any 
significant changes in sGp130 production (P > 0.05) in comparison with the untreated. 
With C2C12 cell, significant downregulation of sGp130 in conditioned media upon a 
10 μM EGCG treatment (P < 0.0006) was obtained. Interestingly, the amount of sGp130 
proteins in human samples is very low, and there is no difference between treated and 
untreated samples, therefore the detected signal in all human cells corresponds to the 
endogenous sGp130 and not EGCG induced splice variants. The highest quantity of 
soluble proteins was observed in the N2a mouse cell line. As with the Huh7 and 
HEK293T, EGCG-containing samples show no difference compared with the untreated 




Figure 18: ELISA analysis of the EGCG (10 and 20 μM) effect on the sGp130 production in Huh7, 
HEK293T, C2C12 and N2a conditioned media. The graph was made using GraphPad Prism 7. Statistical 
analysis was done with Two-Way ANOVA and Dunnett's multiple comparisons test. Data represent mean + 
SD of three replicates. *** (P < 0.0006), ns (P > 0.05) – not significant, versus untreated.  
Slika 18: ELISA analiza vpliva EGCG (10 in 20 μM) na produkcijo topnih oblik Gp130 v Huh7, HEK293T, 
C2C12 in N2a mediju. Graf je bil narejen s programom GraphPad Prism 7. Statistična analiza je bila 
opravljena z dvosmernim ANOVA testom in Dunnett testom. Podatki predstavljajo povprečni standardni 
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Western blotting was conducted on conditioned media samples, concentrated by using spin 
filters, and cell samples, previously lysed by using RIPA buffer. sGp130 proteins should be 
present in conditioned media samples, whereas cell samples contain mostly mGp130 and 
some newly synthesized soluble isoforms that have not been secreted yet. Obtained results 
presented in Figure 19 are quite interesting. Human and mouse cell samples (Figures 19 A 
and C) show faded bands corresponding to mGp130, sGp130-RAPS and endogenous 
sGp130 variants with sizes between 90 and 110 kDa. As with the ELISA, no distinction in 
sGp130 protein production caused by EGCG treatment is observed, confirming that EGCG 
does not affect Gp130 mRNA splice-switching, resulting in an increased sGp130 
production. Perchance EGCG does effect mGp130 production, leading to downregulation 
of full-length protein, and this is the reason why bands corresponding to mGp130 in mouse 
and human cell lysate are so weakly expressed. To confirm this, an additional experiment 
focusing on mGp130 detection is required. Bands representing endogenous and sGp130 are 
weakly seen, but what is more, there is no difference between EGCG treated and untreated 
samples. The detected soluble isoforms are representing the nonsecreted. Generally, bands 
are slightly more pronounced in the mouse cell samples, indicating higher amount of 
proteins presented in N2a and C2C12 cells as already seen in ELISA. Blots with human 
and mouse conditioned media samples (Figures 19 B and D) have strong black lines 
coming from proteins present in FBS, although the used FBS was always heat inactivate. 
Because of these bands it is hard to see the endogenous sGp130. Concerning the mGp130 
and sGp130-RAPS, no protein was detected neither in human nor in mouse conditioned 
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Figure 19: Western blot analysis of the EGCG (10 and 20 μM) effect on the sGp130 production in Huh7, 
HEK293T, C2C12 and N2a conditioned media samples and cell samples. (A) HEK293T and Huh7 cell 
samples. (B) HEK293T and Huh7 conditioned media samples. (C) N2a and C2C12 cell samples. (D) N2a 
and C2C12 conditioned media samples.  
Slika 19: Western blot analiza vpliva EGCG (10 in 20 μM) na produkcijo topnih oblik Gp130 v Huh7, 
HEK293T, C2C12 in N2a vzorcih medija in celičnih vzorcih. (A) HEK293T in Huh7 celični vzorci. (B) 
Vzorci medija HEK293T in Huh7 celic. (C) N2a in C2C12 celični vzorci. (D) Vzorci medija N2a in C2C12 
celic 
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Results obtained from ELISA and Western blotting do not confirm results described by 
Ahmed et al. (2008). Instead of upregulation of splice-switching towards sGp130 protein 
isoforms, there was seen no effect caused by EGCG treatment. Moreover, depletion in full-
length Gp130 isoform was observed. It is feasible that anti-Gp130 antibody used for 
Western blot analysis is not specific and binds to the Gp130 parts that are excluded in our 
isoforms, hence not granting precise results. Even by using ELISA, results from Ahmed et 
al. (2008) could not be repeated. 
 
5.8 ALTERNATIVE INTRONIC POLYADENYLATION IN Gp130 GENE 
Since SSOs induced soluble Gp130 mRNAs are presumably subject to NMD, an alternate 
approach was tested for the generation of soluble variants, which do translate to the 
proteins. Alternative intronic polyadenylation is like alternative splicing a mechanism for 
distinct protein isoforms production. The main advantage of IPA over a classical 
alternative splicing is that mRNAs that arose from IPA are naturally resistant to NMD. At 
least 50% of human gene contain one or more alternative polyA sites, including common 
tandem PAS within the 3′-UTR and intronic PAS upstream in the gene (Vorlová et al., 
2011). To obtain soluble forms of Gp130 generated by IPA, first of all, PAS in Gp130 
gene has to be found. Sommer et al. (2014) identified PAS in intron 10 of Gp130 gene 
which generates shortened mature mRNA, and consequently a truncated protein isoform 
sGp130-E10. sGp130-E10 consists of four N-terminal domains and ends in the loop region 
between the domains 4 and 5, resulting in a protein of 70–80 kDa.  
 
5.8.1 Screening for intronic polyadenylation sites in Gp130 gene 
To identify if Gp130 gene contains more intronic polyA sites than just the one already 
reported by Sommer et al. (2014), screening with human and mouse IPA primers was 
performed. IPA primers were designed with Primer 3 software according to human and 
mouse Gp130 gene sequences found in the NCBI database. For designing right reverse 
primers, first 200 bases of 5′ region of the human and mouse introns 8, 9, 10, 11, 12, 13 
and 14 were taken. Screening for IPA started with intron 8 since the exons before 8 are 
required for a proper functioning of the protein. For designing the left forward primer 
sequence of one or more exon upstreams was taken to ensure that the product is derived 
from spliced mRNAs. In the end, primer targeting exon 7 was chosen as the forward one. 
Tm range was set from 59.5°C to 61oC for all primers.  
 
U1 small nuclear ribonucleoparticle (U1 snRNP) is an essential component of the 
spliceosome, which primary function is recognition of the 5′ splice site (Roca and Krainer, 
2009). It can also inhibit polyadenylation when tethered to the 3′-UTR of a gene (Vorlová 
et al., 2011). Vorlová et al. (2011) observed that blocking U1 snRNP binding to the 
upstream 5′ss can activate IPA, leading to the multiple natural secreted variants of the 
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receptor tyrosine kinase (RTK), showing that U1 inhibits intronic PAS in the same manner 
that it inhibits PAS in the 3′-UTR. To achieve U1 snRNP inactivation, they used D1 U1-
specific decoys with consensus 5′ss sequence which binds to the U1 snRNA region 
involved in the recognition of the 5′ss and impedes its merge to the 5′ss on the pre-mRNA, 





Figure 20: Schematic presentation of the U1 snRNP and decoy D1 regulation of IPA (figure adapted from 
Vorlová et al., 2011: 17). (A) Binding of the U1 snRNP to the 5′ss promotes regular splicing, even if usable 
polyA site is present in the intron. (B) Decoy D1 binds to the U1 snRNP, preventing its binding to the pre-
mRNA and releasing polyA site from repression. 
Slika 20: Shematski prikaz regulacije intronske poliadenilacije s stani U1 snRNP in D1 (slika prilagojena po 
Vorlová in sod., 2011: 17). (A) Vezava U1 snRNP na spojitveno mesto 5′ spodbuja običajno alternativno 
izrezovanje, tudi če je v intronu prisotno uporabno poliadenilacijsko mesto. (B) D1 se veže na U1 snRNP, s 
čimer prepreči njegovo vezavo na pre-mRNA in sprosti poliadenilacijsko mesto. 
 
Huh7, HEK293T, C2C12 and N2a cells were maintained in the culture for 48 hours before 
transfected with D1 and D1-2C plasmids in concentration of 500 ng per well. D1 plasmid 
is as already mentioned a decoy plasmid that binds to the U1 snRNP, inhibiting its 
functioning and promoting the usage of the intronic polyA site if present. Apart from D1, 
D1-2C plasmid was capitalized as a control since it contains a single point mutation that 
prevents its efficient binding to the U1 snRNP. After 24 hours, RNA extraction and RT-
PCR were carried out. PCR was conducted with the set of primers always containing 
exon 7 primer as a forward one and one of the reverse human or mouse primers targeting 
introns from 8 to 14. Representative gels can be seen in Figure 21.  
 
In case of the experiment conducted by Vorlová et al. (2011), 3-oligo PCR with two exonic 
and one intronic primer was done, therefore they were able to detect full-length as well as 
soluble products. We used only one exonic (forward) and one intronic (reverse) primer, 
hence detecting only soluble variants without the full-length mRNAs. No PCR products 
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were observed in any mouse samples, meaning no PAS is present in Gp130 introns from 8 
to 14 (Figure 21). This corresponds to the results obtained from Sommer et al. (2014), 
where they did not detect any polyA site in mouse Gp130 intron 10. Moreover, they 
discovered an alternative PAS in intron 10 in humans, dogs, monkeys, horses and pigs, but 
not in mice and rats (Sommer et al., 2014). In human cells, there was no evidence of 
alternative PAS in introns 12, 13, and 14. Quite interesting results were obtained in gels 
belonging to introns 8, 9, 10, and 11. Bands indicating polyA sites in these introns were not 
only present in the D1 transfected cells, but also in D1-2C and untreated samples. A 
similar thing was seen in results obtained by Vorlová et al. (2011), where some of the 
control and untreated samples contained bands corresponding to the soluble isoform 
resulting from the usage of the intronic PAS. This indicates that sGp130 which are 
generated by IPA are naturally present in the cells. Particularly engrossing are results from 
intron 9 and intron 10 where more bands with different sizes are present in the same 
sample, leading to the conclusion that more than one isoform can arise from the usage of 
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Figure 21: U1 snRNP dependent regulation of IPA in Huh7, HEK293T, C2C12 and N2a cells previously 
transfected with decoy D1 or D1-2C, which served as a negative control. PCR was done using exon 7 primer 
(forward) and introns 8, 9, 10, 11, 12, 13 or 14 primer (reverse). The used reverse primer is indicated in the 
top left corner of each gel picture. PCR was assessed with gel electrophoresis, using 2-percent agarose gel.  
Slika 21: Od U1 snRNP odvisna regulacija IPA v Huh7, HEK293T, C2C12 in N2a celicah, predhodno 
transfeciranih z D1 ali D1-2C, ki je služila kot negativna kontrola. PCR je bila narejena z uporabo eksona 7 
začetnega smiselnega oligonukleotida in intronov 8, 9, 10, 11, 12, 13 ali 14 začetnih protismiselnih 
oligonukleotidov. Protismiselni začetni oligonukleotid, uporabljen v reakciji, je označen v zgornjem levem 
kotu vsake slike gela. PCR produkti so bili analizirani z gelsko elektroforezo z 2-odstotnim agaroznim 
gelom. 
 
To be able to better understand the obtained results, the experiment was repeated, this time 
using phSEC plasmid with empty backbone as a negative control. Cells were left in the 
culture for 48 hours after transfection. The results were identical to those observed in the 
previous experiment (Figure 22). No visible bands were present in the mouse or human 
samples in introns 13 and 14, and very faint bands in human intron 12 samples. Other gels 
contained the same bands as before. From the obtained results, we concluded that apart 
from already proven PAS in intron 10 of Gp130 gene, alternative polyA sites are 
presumably present in intron 8, intron 9, and intron 11.  
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Figure 22: U1 snRNP dependent regulation of IPA in Huh7, HEK293T, C2C12 and N2a cells previously 
transfected with decoy D1 or phSEC empty backbone plasmid, which served as a negative control. PCR was 
done using exon 7 primer (forward) and introns 8, 9, 10, 11, 12, 13 or 14 primer (reverse). Reverse primer 
used is indicated in the top left corner of each gel picture. PCR was assessed with gel electrophoresis, using 
2-percent agarose gel. 
Slika 22: Od U1 snRNP odvisna regulacija IPA v Huh7, HEK293T, C2C12 in N2a celicah, predhodno 
transfeciranih z D1 ali phSEC, ki služi kot negativna kontrola. PCR je bila narejena z uporabo eksona 7 
začetnega smiselnega oligonukleotida in intronov 8, 9, 10, 11, 12, 13 ali 14 začetnih protismiselnih 
oligonukleotidov. Protismiselni začetni oligonukleotid uporabljen v reakciji, je označen v zgornjem levem 
kotu vsake slike gela. PCR produkti so bili analizirani z gelsko elektroforezo z 2-odstotnim agaroznim 
gelom. 
 
5.8.2 Sequencing of the potential intronic PAS 
To further investigate if intronic PAS are present in Gp130 introns 8, 9, 10, and 11, an 
additional PCR with the most promising samples from previous two experiments was done 
(Figure 23). From the obtained PCR products, 7 bands were cut out of the gel, purified and 
sent out for sequencing to see which exons and introns constitute specific sequences. PCR 
products, sent for sequencing: two bands from intron 9, marked Int 9-1 and Int 9-2; two 
bands from intron 10, marked Int 10-1 and Int 10-2; and three bands from intron 11, 
marked Int 11-1, Int 11-2 and Int 11-3. 
62 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 






Figure 23: PCR products marked in a box were sent for sequencing. 
Slika 23: PCR produkti, označeni s štirikotnikom, so bili poslani na sekvenciranje. 
 
Purified PCR products were sent for the sequencing twice, and only top-quality reads were 
taken as a final result. Unfortunately, it was not possible to obtain a sequence that would 
meet all quality standards for intron 9-1 and 9-2, therefore intron 9 data are not presented. 
Results for intron 10 and 11 can be seen in Figure 24, alongside with all exons and introns 
marked in the sequence. Primer sets used for Int 10-1 and 10-2 were exon 7 forward and 
intron 10 reverse. As observed in the sequence (Figure 24), Int 10-1 contains a full exon 8, 
exon 9, exon 10 and a partial intron 10 sequence where the reverse primer is aligning. In 
Int 10-2, exon 9 is skipped and only exon 8, exon 10 and partial intron 10 are present. The 
same pattern can be discerned with the intron 11 sequences, where exon 7 forward and 
intron 11 reverse primer sets were used. The longest intron 11 PCR product, Int 11-1, 
contains exon 8, exon 9, exon 10, exon 11 and a part of the intron 11 with the aligned 
reverse primer. With Int 11-2, exon 9 is absent in the sequence, and with Int 11-3, exon 9 
and exon 10 are not present, indicating exon 9 and exon 10 skipping. These data mark a 
step into the right direction regarding the preposition that Gp130 gene contains intronic 
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PAS in intron 10 and also elsewhere, specifically in intron 11. This cannot be said for 
intron 9 since its sequencing was not successful. To be absolutely positive about intronic 
PAS locations, primer walking has to be done.  
 
Furthermore, according to the obtained sequences, exon skipping is also occurring while 
blocking U1 snRNP by decoy D1 resulting in different variants produced at the mRNA 
level. As stated, splicing and polyadenylation are accompanied events, taking place 
concomitantly. They are only mutually exclusive when a common intron is involved. Both 
intron 10 and intron 11 sequences belong to the cells previously treated with D1 decoy 
(Figure 23), indicating an essential role of U1 snRNP in RNA surveillance. What is more, 
the presence of splicing in upstream exons instills a selective effect on IPA and partial 
upstream splicing blockade, as a consequence of the imperfect U1 snRNP inactivation, 
which may occur because of the incomplete D1 binding to the U1 or because of the 
experimental conditions. To make the obtained data intelligible and to fully understand the 
mechanisms present in the background, additional experiments should be performed. It is 
however known that if these sequences detected at the mRNA level do translate to 
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Figure 24: Sequencing results of Int 10-1, 10-2, 11-1, 11-2, and 11-3. 
Slika 24: Rezultati sekvenciranja Int 10-1, 10-2, 11-1, 11-2 in 11-3. 
 
5.8.3 ELISA and Western blot analysis of decoy D1 treated cells 
ELISA and Western blotting were carried out to additionally explore if Gp130 isoforms 
generated by usage of the intronic PAS detected at the mRNA level can be translated to 
proteins. Huh7, HEK293T, N2a and C2C12 cells were transfected with D1 or phSEC 
plasmid, and DMEM was changed to OptiMEM in order to avoid background coming from 
the proteins present in the FBS. 48 hours post transfection, conditioned media was 
collected from the cells and ELISA was performed using mouse or human ELISA kit with 
antibodies directed against Gp130 extracellular domain, detecting full-length Gp130 as 
well as soluble isoforms. Since samples are collected from conditioned media, only 
secreted sGp130 is expected to be detected. Western blotting was done on conditioned 
media and cell samples using the same anti-Gp130 antibody for mouse and human 
samples, targeting extracellular domain of Gp130 protein. Anti-β-Actin antibodies were 
used for Western blotting normalization. 
 
ELISA results from the mouse samples showed no significant changes in the Gp130 
concentration between D1, phSEC and untreated samples. Detected Gp130 is probably 
corresponding to endogenously present soluble variants. In human Huh7 cells, there is no 
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difference between control phSEC sample and untreated sample, but compared to decoy 
D1 sample a significantly higher amount of sGp130 was detected (P < 0.006), indicating 
downregulation of sGp130 after D1 treatment. In HEK293T cells, a significantly lower 
quantity of Gp130 proteins was observed in D1 sample compared to untreated (P < 0.02), 
endorsing downregulation effect of D1 treatment already seen in Huh7 cells. It was 
expected that more soluble Gp130 isoforms would be produced after the D1 treatment, 
since D1 blocks U1 snRNP and therefore promotes the usage of the intronic PAS present 
in the gene. We cannot assert that there is a polyA site in introns 9 and 11 which generates 
sGp130, we only assume it according to the data previously obtained, hence predicting that 
an increase in detectable Gp130 should be visible in D1 samples, since IPA produced 
isoforms are naturally immune to NMD. Upregulation is not present in any cell line. 
Possibly, there is no in-frame stop codon available in intron, and even if PAS is present 




Figure 25: ELISA analysis of the sGp130 production by usage of the intronic polyadenylation sites in Huh7, 
HEK293T, C2C12 and N2a conditioned media. The graph was made using GraphPad Prism 7. Statistical 
analysis was done with Two-Way ANOVA and Tukey's multiple comparisons test. Data represent mean + 
SD of three replicates. ** (P < 0.006), * (P < 0.02), ns (P > 0.05) – not significant. All three samples for each 
cell line were compared to each other.  
Slika 25: ELISA analiza produkcije topnih oblik Gp130 z uporabo intronskega poliadenilacijskega mesta v 
Huh7, HEK293T, C2C12 in N2a mediju. Graf je bil narejen s programom GraphPad Prism 7. Statistična 
analiza je bila opravljena z dvosmernim ANOVA testom in Tukey testom. Podatki predstavljajo povprečni 
standardni odklon treh ponovitev. ** (P < 0.006), * (P < 0.02), ns (P > 0.05) – statistično nepomembno. Vsi 
vzorci vseh celičnih linij so bili primerjani med seboj.  
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Western blotting results, shown in Figure 26, are not far from ELISA results. sGp130-E10 
isoform corresponds to a protein around 70–80 kDa. Intron 9 isoform without any exon 
skipping should be around 50 kDa, while sGp130-RAPS and intron 11 isoform should be 
around 80 kDa since they do not exceed sGp130-E10 for that much. If exon skipping is 
included, all protein isoforms would be relatively small. From the blots, no protein isoform 
can be seen. Antibodies used are unspecific since a lot of different faded bands can be 
seen, especially with Huh7 and HEK293T cell samples (Figure 26 A). In blot B, bends 
around 85 kDa belong to the proteins from the media and not to our sought protein. 
Nothing is detected in mouse cell samples and conditioned media samples (Figures 26 C 
and D). Not only no sGp130 are detected, but induction of sGp130 production via IPA 
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Figure 26: Western blot analysis of the sGp130 production by usage of the intronic polyadenylation sites in 
Huh7, HEK293T, C2C12 and N2a conditioned media samples and cell samples. (A) HEK293T and Huh7 
cell samples. (B) HEK293T and Huh7 conditioned media samples. (C) N2a and C2C12 cell samples. (D) 
N2a and C2C12 conditioned media samples.  
Slika 26: Western blot analiza produkcije topnih oblik Gp130 z uporabo intronskega poliadenilacijskega 
mesta v Huh7, HEK293T, C2C12 in N2a vzorcih medija in celičnih vzorcih. (A) HEK293T in Huh7 celični 
vzorci. (B) Vzorci medija HEK293T in Huh7 celic. (C) N2a in C2C12 celični vzorci. (D) Vzorci medija N2a 
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Overall, initial experiments to induce soluble isoforms using decoy D1 were successful and 
we were able to get different soluble isoforms at the mRNA level, which was confirmed 
with sequencing. To argue that beside intron 10, intronic PASs are located in introns 9 and 
11 in Gp130 gene, primer walking has to be conducted. In addition to intronic polyA sites, 
some exon skipping was observed in sequencing results, which is a consequence of partly 
blocked U1 snRNP, thus upstream splicing was not completely halted and exon skipping 
occurred. It was believed that IPA Gp130 isoforms seen at the mRNA could be translated 
into proteins, but this could not be proved neither with ELISA nor with Western blotting. 
No feasible in-frame termination codons are present in the studied introns resulting in a 
continued translation into the polyA tail with a ribosom not being able to detach, leading to 
a non-stop decay of the mRNA. Therefore, no proteins are produced and secreted in the 
conditioned media. 
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6 DISCUSSION  
IL-6 trans-signaling was recognized as a major inflammation mediator involved in multiple 
pathogenesis, including development, progression and maintenance of many chronic 
inflammatory diseases and various types of cancer (Waetzig and Rose-John, 2012). 
Therefore, IL-6 trans-signaling represents an ideal target for new anti-inflammatory and 
anti-cancer remedies. IL-6 trans-signaling pathway exploits sIL-6R that binds to IL-6, 
forming a sIL-6R/IL-6 complex which can elicit signaling transduction cascade in any cell 
expressing Gp130 receptor, hence expanding biological effect of IL-6 to the cells lacking 
IL-6R that are normally unresponsive to IL-6 alone (Rose-John, 2012; Heinrich et al., 
2003). The purpose of this thesis was to induce exon skipping in Gp130 pre-mRNA by 
splice-switching gene therapy, thereby generating soluble Gp130 protein isoforms that lack 
transmembrane and cytoplasmic domains, and act as a natural antagonist of the IL-6 trans-
signaling (Heinrich et al., 2003). Soluble Gp130 variants represent a promising therapeutic 
modality for the treatment of IL-6 induced ailments (Jostock et al., 2001). Hitherto, the 
established methods are mainly providing complete IL-6 neutralization, with that inhibiting 
all IL-6 functions and not only disease-driving ones. Therapeutic approach using sGp130 
proteins has some major advantages, hindering specifically trans- and not cis-signaling, 
being utmost important in terms of the side effects (Waetzig and Rose-John, 2012). With 
chronic inflammatory diseases being mostly treated throughout the entire life span, the side 
effect profile constitutes a vital part in new efficient drug development (Scheller et al., 
2011). What is more, induction of sGp130 recapitulates functions of different independent 
therapeutic strategies by simultaneously exerting at not only one, but two inhibition levels:  
1. Direct binding of the sIL-6R/IL-6 heterodimer, preventing its merge to membrane 
bound Gp130 and accordingly restraining signaling transduction.  
 
2. Elimination of the full-length Gp130 isoform, hence downregulation of signaling 
via mGp130. 
sGp130 isoforms can be generated either by differential splicing or intronic 
polyadenylation, but production via membrane shedding as it is a common practice for sIL-
6R has not been proven yet (Sommer et al., 2014). In this study, both approaches were 
tested. 
6.1 INDUCTION OF sGp130 ISOFORMS BY DIFFERENTIAL SPLICING 
Induction of sGp130 isoforms by specifically redirecting Gp130 splicing with antisense 
oligonucleotides technology was a primary attempt of this study. SSOs itself have no anti-
IL-6 activity, instead this technology induces the sustained production of IL-6 trans-
signaling antagonist sGp130 receptor. 2′O-Me-PS SSOs were designed to target Gp130 
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pre-mRNA, causing exon 9 and exon 15 skipping, and consequently generating sGp130-
RAPS and sGp130-Sharkey isoforms, respectively. Even though chemical modifications 
are generally unnecessary in in vitro experiments, 2′O-Me with PS backbone SSOs were 
chosen for initial screening in order to have all experiments done with SSOs that would be 
potentially usable for in vivo experiments later on if required. 2′O-Me-PS SSOs are not 
only RNase H-resistant, but it was also reported that this alternation increases binding 
affinity and biodistribution profiles in vivo (Sazani et al., 2002; Bauman et al., 2009). 
Moreover, PS backbone enables nuclease resistance and improves serum stability (Havens 
and Hastings, 2016). All together, 10 different human and mouse SSOs were designed, 
used and directed against 5′ss and 3′ss of exon 9, and 5′ss, 3′ss and ESE of exon 15.  
 
In vitro assay was used to assess the soluble isoform production efficacy of designed 
chemically modified SSOs. Firstly, only SSOs directed against exon-intron boundaries 
were used. As a result, mRNAs encoding for sGp130-RAPS and sGp130-Sharkey were 
successfully obtained upon treatment with designed SSOs targeting 5′ss and 3′ss. 
Generally, SSOs targeting exon-intron boundaries tend to be more potent than the ones 
directed towards ESE, but looking into our results from various experiments, no substantial 
difference was observed. Considering the data provided by divergent studies and taking 
into account our own produced results, we concluded that the effectiveness of SSOs mostly 
depends on the RNA target rather than on different splice elements or sites. Furthermore, 
our 2′O-Me-PS SSOs showed the capability of sGp130 isoform induction at the mRNA 
level.  
 
With flow cytometry, we demonstrated that SSO treatment strategy affected the entire 
Gp130 receptor production, and not only the soluble form. The designed SSOs allowed us 
to induce sGp130 variants production while simultaneously reducing the level of the full-
length isoform. Therefore, the amount of the full-length membrane bound Gp130 was 
reduced and less signaling could be elicited through it. mGp130 depletion was seen with 
all tested SSOs. 
 
Altogether, in vitro production of sGp130 variants on mRNA level and depletion of 
mGp130 isoform were observed in different human and mouse cells, leading to the 
assumption that designed SSOs were competent to induce exon 9 and exon 15 skipping in 
Gp130.  
 
6.2 IL-6 SIGNALING PATHWAYS  
By using HeLa STAT3 Luciferase and HEK-Blue™ IL-6 reporter cell lines, different 
aspects of IL-signaling and repercussions of various stimuli on STAT3 phosphorylation 
were explored. We showed that upon particular stimuli, IL-6 – whose expression is 
restricted to mostly immune cells and tightly regulated – can be produced in nonimmune 
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cells. The highest STAT3 phosphorylation in both reporter cell lines was achieved with 
combined TNFα and HIL-6, which prompted the IL-6 production via simultaneous 
induction of STAT3 signaling pathway and NF-κB signaling pathway. To specify, TNFα 
and HIL-6 provoked the activation of the inflammation amplifier – an inflammation 
control mechanism with hyper IL-6 induction in nonimmune cells which arise from 
concurrently STAT3 and NF-κB signaling pathway induction. Furthermore, trans-signaling 
in nonimmune cells was nicely shown through these experiments likewise.  
To specifically focus on IL-6 trans-signaling and appraise sGp130 sequestering capability, 
SSOs were used on HeLa STAT3 reporter line. Observed results were positive in all 
aspects. SSOs manage to induce alternative splicing, resulting in sGp130 variants 
production that are antagonistically working on IL-6 trans-signaling, binding HIL-6, and 
downregulating STAT3 phosphorylation.  
6.3 sGp130 ISOFORMS AT THE PROTEIN LEVEL 
The induction of sGp130-RAPS and sGp130-Sharkey at the mRNA level and 
downregulation of the full-length Gp130 variant illustrate the potential of this remedy 
approach, but the principal aim of the SSO treatment is the generation of soluble proteins 
that will potentially block trans-signaling in patients suffering from chronic inflammation. 
Unfortunately, we were not able to prove neither sGp130-RAPS nor sGp130-Sharkey at 
the protein level. The foremost difficulty with inducing alternative splicing variants that do 
translate into proteins is NMD. Despite the fact that NMD mechanism is defectively 
described and understood, it is known that sequences with long 3′-UTR or termination 
codon situated more than 55 nt upstream of the last exon-exon junction are subject to the 
NMD (Lykke-Andersen and Jensen, 2015). In our case, long 3′-UTR of sGp130 isoforms, 
which can be seen in Figure 4, might be the reason for NMD, with sGp130-RAPS 
containing an especially long one. Moreover, both exon 9 and exon 15 skipping introduce a 
new PTC to the mRNA. What is more, SSO modifications can induce out-of-frame exon 
skipping that triggers forced splicing-dependent NMD (Zammarchi et al., 2011). To sum 
up, all three NMD options or combination of them can be the reason why no soluble 
protein isoforms are obtained.  
In addition to NMD, limitation of antibody can be the cause of poor protein observation. 
Used antibody might recognize part of the Gp130 excluded in our produced isoforms, 
hence not detecting any proteins even if they are present in the conditioned media. 
Therefore, a specific antibody recognizing sGp130-RAPS and sGp130-Sharkey is required.  
Notwithstanding that unspecific antibody is distinctly a possible explanation for the 
absence of sGp130 proteins. Our prediction is that mRNAs produced upon SSOs 
transfection are substrates of NMD, therefore no soluble variants at the protein level are 
obtained. Downregulation in ELISA in observed, because SSOs do affect splicing and 
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mRNAs of the sGp130 variants are successfully produced with simultaneous depletion of 
mGp130 and endogenous sGp130, but never translated into a proteins. To assert with 
certainty that NMD is to blame for no protein detection, additional experiments must be 
conducted, different specific antibodies tested, and most importantly new chemical 
modifications of SSOs designed. It was also proposed that results may differ in vivo, since 
cell cultures are artificial systems and many times in vivo data does not correlate with in 
vitro data. 
While upregulation of sGp130 isoforms was not obtained and isoforms were not detected 
at the protein level, double downregulation effect of SSOs is an agreeable upshot for a 
remedy. Current drugs on the market provide a complete knockdown, inhibiting pro- and 
anti-inflammatory properties of IL-6. With double downregulation of Gp130, we are able 
to suppress disease pathogenesis while preserving vital IL-6 functions intact.  
6.4 EGCG 
Study by Ahmed et al. (2008) showed that EGCG inhibits IL-6 synthesis and induces 
alternative splicing of Gp130 in vitro and in vivo, resulting in sGp130 protein isoforms. In 
vitro experiment was repeated in this thesis, but with no successful outcome. We were not 
able to reproduce the data obtained by Ahmed et al. (2008). In Western blotting, complete 
downregulation of the full-length protein isoform was observed, whereas there was no 
evidence of splice-switched isoforms neither in conditioned media nor in cell samples. It is 
however possible that used antibodies are not binding specific isoforms, therefore nothing 
is detected even if proteins are present in the media or cell lysate. Concluding from our 
obtained results, EGCG treatment cannot be used as a therapy for chronic inflammatory 
diseases.  
6.5 ALTERNATIVE INTRONIC POLYADENILATION 
With the generation of soluble Gp130 receptor protein isoforms via alternative splicing not 
being completely successful, an alternative approach – IPA – was tested. Sommer et al. 
(2015) already disclosed the intronic PAS in intron 10 of Gp130 gene, but we searched for 
additional ones in human and mouse cells using D1 decoy plasmid which binds to U1 
snRNP, thus preventing its merging with pre-mRNA. With mouse samples, nothing was 
observed, indicating there is no intronic PAS in mouse Gp130 introns 8 to 14, which 
correlates with Sommer et al. (2014) who did not observe any polyA site in mouse 
intron 10. In human cells, potential intronic PASs were discovered in introns 9, 10 and 11, 
with bands present not only in D1 treated samples but also in control and untreated cells, 
implying the naturally presented sGp130 isoforms formed via IPA. PCR amplicons were 
sent for sequencing. Sequences did not just contain introns as expected, but exon skipping 
was seen as well. We showed that alternative polyadenylation and alternative splicing 
occur concomitantly. Splicing took place in upstream exons, indicating a selective IPA 
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effect and a partial upstream blockade. This is a probable consequence of incomplete D1 
binding of U1 snRNP, resulting in an imperfect U1 blockade, but it could also occur due to 
the experimental conditions. Looking only at sequencing results, it is impossible to draw 
conclusions, but it is feasible that Gp130 gene contains additional (to intron 10) intronic 
PAS in introns 9 and 11. To confirm that and utterly understand the observed data, further 
experiments would have to be conducted, primarily primer walking. 
With ELISA and Western blotting, we were not able to show that protein isoforms arose 
from the usage of intronic PAS. As with the SSOs treatment, we only obtained sGp130 
isoforms at the mRNA level, but not at the protein level. With ELISA, downregulation was 
obtained instead of upregulation. No proteins were visible on the blots. sGp130-E10, 
which is a result of PAS usage in intron 10, is a protein between 70 and 80 kDa. Therefore, 
isoform from intron 11 PAS should be around 80 kDa and intron 9 PAS variant around 
50 kDa. Since exon skipping was seen in sequencing, isoforms might be smaller. Instead of 
bands, no proteins were obtained, including full-length protein whatsoever. A lot of 
unspecific bands were obtained. Therefore, the possibility that used antibodies are not 
generating reliable results applies to this experiment as well.  
To recap, we detected feasible intronic polyadenylation sites in human Gp130 introns 9, 10 
and 11. To confirm it, additional experiments should be conducted. Engrossingly, 
alternative splicing and intronic polyadenylation were both observed while blocking U1 
snRNP component of the spliceosome. It was already proven that soluble isoforms could 
be produced using intronic PAS, and sGp130-E10 was detected at the mRNA as well as at 
the protein level. Therefore, the usage of IPA presents a good alternative to the SSO 
treatment, with a major drawback being that this approach cannot be used as a remedy if 
intronic PASs are not present in a desired gene. 
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This study described a therapeutic method using the splice-switching oligonucleotides 
technology as a novel remedy against chronic inflammatory diseases. The purpose was to 
produce soluble protein isoforms of Gp130 receptor, named sGp130-RAPS and sGp130-
Sharkey, by altering alternative splicing using specially designed 2′O-Me-PS SSOs, 
targeted against 5′ss, 3′ss and ESE of Gp130 exon 9 and exon 15. These soluble receptor 
variants are able to sequester IL-6/IL-6R complex, consequently inhibiting IL-6 trans-
signaling which was linked to various chronic inflammatory diseases. The following 
conclusions were drawn: 
• Designed SSOs are able to successfully induce Gp130 exon 9 and exon 15 
skipping. sGp130-RAPS and sGp130-Sharkey isoforms were detected at the 
mRNA level in human and mouse cell lines. 
 
• Effectiveness of SSOs mostly depends on the RNA target rather than on different 
splice elements or sites. 
 
• SSO treatment affects the entire Gp130 receptor production and not only their 
soluble form. Designed SSOs allow us to induce sGp130 variants production at the 
mRNA level while simultaneously reducing the level of the full-length isoform. 
 
• Concurrently, stimuli with TNFα and HIL-6 provoke activation of the IL-6 
inflammation amplifier in nonimmune cells. 
 
• At the protein level, upregulation of sGp130 variants was not detected, owing to the 
fact that mRNA sequences with altered alternative splicing are frequently substrates 
of NMD and do not translate into proteins. 
 
• At the protein level, double downregulation is seen – depletion of both sGp130 and 
mGp130 isoforms results in reduced IL-6 signaling, leading to suppression of trans-
signaling while preserving vital IL-6 functions intact.  
 
• Double downregulation effect of SSOs treatment is an agreeable upshot for the IL-6 
driven chronic inflammation diseases remedy. 
 
• EGCG treatment does not have a significant impact on sGp130 production. 
Therefore, it cannot be used as a therapy for chronic inflammatory diseases.  
 
• In human cells, potential intronic PASs were discovered in introns 9, 10 and 11. To 
confirm this, primer walking should be conducted. 
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• While blocking U1 snRNP by decoy D1, exon skipping is taking place, indicating 
that alternative polyadenylation and alternative splicing can occur concomitantly 
under specific circumstances. 
In conclusion, we were able to induce sGp130 isoforms at the mRNA level, but due to the 
NMD, these mRNAs were never translated into proteins. Instead of upregulation of 
sGp130 variants and downregulation of mGp130 isoforms, double downregulation was 
seen, which presents a positive outcome from a therapeutic point of view, and could thus 
lead to a potential usage of the SSOs treatment as a novel therapy against chronic 
inflammatory diseases in the future. Further in vivo experiments are required to be carried 
out to confirm our in vitro data. A great promise also lies in the usage of intronic 
polyadenylation sites that are naturally present in Gp130 gene. In addition to the sGp130-
E10 variant, which arises from the usage of intronic PAS in Gp130 intron 10, the human 
Gp130 gene may contain intronic PASs in introns 9 and 11. In the future, both approaches 
for production of soluble protein isoforms could be used as an anti-inflammatory remedy.  
  
79 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




8 SUMMARY (POVZETEK) 
8.1 SUMMARY 
IL-6 is a multifunctioning cytokine with various divergent biological functions. It is one of 
the most important inflammation mediators in the body, acting as both pro- and anti-
inflammatory cytokine. IL-6 elicits signaling cascade via two different signaling pathways 
called cis- and trans- signaling. Cis-signaling is a classic signaling pathway where IL-6 
binds to IL-6R, forming an IL-6/IL-6R complex that initiates Gp130 homodimerization. 
Cis-mediated cascade can be triggered only in cells expressing both Gp130 and IL-6R 
receptors. In trans-signaling, IL-6 binds to the soluble IL-6R lacking a transmembrane and 
cytoplasmic parts, creating an IL-6/sIL-6R complex which can initiate downstream 
cascade in the cells that do not express IL-6R and are generally unresponsive to IL-6 
signaling. Various studies connected IL-6 trans-signaling with development, progression 
and maintenance of many chronic inflammatory diseases, namely rheumatoid arthritis, 
multiple sclerosis and Crohn's disease, as well as different types of cancer. With that, IL-6 
trans-signaling constitute an ideal target for a new anti-inflammatory biopharmaceutical.  
sGp130 is a soluble variant of Gp130 receptor that lacks a transmembrane and cytoplasmic 
domain, naturally present in the human serum. It acts as a natural antagonist of IL-6 trans-
signaling by sequestering IL-6/sIL-6R complex and preventing its binding to the 
membrane Gp130. sGp130 can be generated either by alternative splicing or by alternative 
polyadenylation. Thus far, four sGp130 isoforms have been reported, three of them arose 
from alternative spliced mRNAs, and one from usage of alternative polyadenylation site. 
mGp130-RAPS is the smallest variant with skipped exon 9 and premature stop codon in 
exon 10. sGp130-Diamant contains intron 14 retention, and sGp130-Sharkey is spliced in 
exon 15. Furthermore, sGp130-E10 is the only isoform produced by alternative 
polyadenylation in intron 10 rather than by alternative splicing. sGp130 isoforms present a 
promising therapeutic modality for the treatment of IL-6 induced ailments, since they are 
able to hinder specifically trans-signaling while keeping cis-signaling intact. This is 
especially important in terms of side effect profile, as drugs currently available on the 
market provide total IL-6 neutralization by restraining both pro- and anti-inflammatory 
features of IL-6 and not only the disease-driving features.  
Our aim was to induce exon skipping in Gp130 pre-mRNA by splice-switching gene 
therapy, thereby creating sGp130 protein variants. By using specially designed 2′O-Me-PS, 
SSOs targeting exon 9 and exon 15 successfully induced exon skipping and produced 
mRNAs of sGp130-RAPS and sGP130-Sharkey in various human and mouse cells. 
Further, we searched for sGp130 isoforms in the conditioned media, but could not detect 
them. The most likely explanation why we were able to observe sGp130 isoforms at the the 
mRNA level but could not detect them at the protein level is that our alternatively spliced 
mRNAs underwent NMD. Alternative splicing events affected the coding sequence in the 
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majority of cases, which resulted in an altered reading frame leading to NMD. What is 
more, we detected a double downregulation effect of SSOs treatment, affecting production 
of both sGp130 and full-length Gp130. The double downregulation effect is still a positive 
outcome, since contrary to a complete knockdown, the vital functions of IL-6 remain 
intact. To avoid NMD, we tested an alternative approach for the sGp130 generation – 
alternative polyadenylation. Previous studies have reported alternative polyA site in Gp130 
intron 10. Additional screening was performed on human and mouse cells to see if there 
are any other intronic polyA sites in Gp130 gene. Three potential intronic polyA sites were 
found in human introns 9, 10, and 11. To further endorse these findings, primer walking 
has to be conducted. Apart from alternative polyadenylation, exon skipping was detected in 
isolated sequences, indicating that alternative polyadenylation and alternative splicing 
occur concomitantly under specific circumstances. Moreover, we tested EGCG, an anti-
inflammatory molecule with antiarthritic and immunomodulating properties, for the 
capability of inducing sGp130 variants generation. We did not observe any effect of EGCG 
on the production of sGp130 isoforms.  
All in all, our data shows the potential that lies in gene therapy as an anti-inflammation 
remedy. It is anticipated that in the future, IL-6 signaling inhibitors will be widely used in 
clinics for the treatment of various inflammatory diseases. Before this is realised, further 
studies and tests have to be conducted in order to fully investigate the effect and safety of 
the SSOs treatment.  
8.2 POVZETEK 
Citokini so peptidne efektorske molekule s številnimi biološkimi funkcijami, ki jih 
pretežno proizvajajo makrofagi in različne vrste celic T. Sodelujejo v imunskem odzivu 
proti patogenom kot tudi lastnim antigenom, so pomembni vnetni mediatorji, poleg tega pa 
urejajo tudi celično homeostazo (Yoshimoto in Yoshimoto, 2014; Zhang in Jianxiong, 
2007). Citokini kot signalne molekule delujejo: avtokrino – vplivajo na celico, ki jih je 
proizvedla; parakrino – vplivajo na sosednje celice; ali endokrino – vplivajo na oddaljene 
celice. Hkrati lahko delujejo tudi: sinergistično – dva citokina lahko sprožita isti učinek; 
antagonistično – en citokin prepreči učinek drugega; pleiotropno – en citokin lahko vpliva 
na različne celice na različne načine; in redundantno – različni citokini imajo lahko enako 
funkcijo (Štrukelj in Kos, 2007; Zhang in Jianxiong, 2007). V skupino citokinov uvrščamo 
kemokine, interlevkine, interferone, limfokine, dejavnike tumorske nekroze (TNF), 
transformirajoči rastni faktor beta (TGF-β) in spodbujevalne dejavnike rasti kolonij (CSFs) 
(Štrukelj in Kos, 2007; Tanaka in Kishimoto, 2014). Število odkritih molekul, ki spadajo v 
družino citokinov se neprestano povečuje. Do danes je znanih že več kot 100 različnih 
citokinov (Štrukelj in Kos, 2007). 
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Vnetni odziv je obrambna reakcija telesa na različne dražljaje, kot so okužbe in poškodbe, 
regulirana s strani protivnetnih in provnetnih citokinov. Med protivnetne citokine spadajo 
interlevkin 1 (IL-1), interlevkin 6 (IL-6) in dejavnik tumorske nekroze alfa (TNF-α). 
Njihovo izločanje na mestu vnetja aktivira vnetne signalne poti, kar vodi do porasta vnetne 
reakcije (Yoshimoto in Yoshimoto, 2014). Protivnetni citokini delujejo kot negativna 
povratna zanka in zavirajo delovanje provnetnih citokinov. V skupino protivnetnih 
citokinov spadajo interlevkin 4 (IL-4), interlevkin 10 (IL-10), interlevkin 11 (IL-11), 
intelevkin 13 (IL-13) in antagonist receptorja interlevkina 1 (IL-1RA) (Yoshimoto in 
Yoshimoto, 2014; Zhang in Jianxiong, 2007). Poznamo pa tudi citokine, ki lahko delujejo 
kot provnetne in protivnetne signalne molekule; mednje spadajo interferon alfa (INF-α), 
inhibitorni faktor levkemije (LIF), TGF-β in IL-6 (Zhang in Jianxiong, 2007).  
 
Da bi bila vnetna reakcija učinkovita, mora biti akutna, lokalna in prehodna (Gabay, 2006). 
Neravnovesje med provnetnimi in protivnetnimi citokini lahko povzroči nenadzorovano in 
dolgotrajno delovanje provnetnih citokinov, kar lahko privede do kroničnega vnetja in 
posledično do razvoja različnih kroničnih vnetnih bolezni (Jones in sod., 2011). 
Mehanizem prehoda akutnega vnetja v kronični odziv je slabo razumljen, znano pa je, da je 
IL-6 eden od ključnih dejavnikov pri razvoju kroničnega vnetja (Gabay, 2006; Scheller in 
sod., 2011; Hurst in sod., 2001).  
 
IL-6 je multifunkcionalen citokin in eden ključnih vnetnih mediatorjev. IL-6 signalizira 
preko receptorja Gp130, ki je skupen receptor več signalnim molekulam, ter α-receptorja 
IL-6, preko katerega signalizira le IL-6 in je izražen samo na membranah specifičnih celic 
(Heinrich in sod., 2003; Hibi in sod., 1990; Tanaka in sod., 2014). IL-6 izzove signalno 
kaskado preko dveh različnih signalnih poti, imenovanih cis- in trans-signaliziranje. Cis-
signaliziranje je klasična signalna pot, kjer se v prvem koraku IL-6 veže na IL-6R in tvori 
kompleks IL-6/IL-6R, ki se nato veže na Gp130 in povzroči njegovo homodimerizacijo. 
Nadalje ta visoko afinitetni heksamer stimulira Janus kinazo (JAK), kar privede do 
aktivacije STAT3 (Waetzig in Rose-John, 2012; Lacroix in sod., 2015; Tanaka in sod., 
2014). S cis-signaliziranjem posredovana kaskada se lahko sproži le v celicah, ki izražajo 
na membranah tako receptor Gp130 kot IL-6R. Pri trans-signaliziranju pa se IL-6 veže na 
topen IL-6R, ki nima transmembranske in citoplazemske domene, in tvori kompleks IL-
6/sIL-6R, ki nato deluje agonistično namesto antagonistično ter aktivira signalne poti tudi 
v celicah, ki ne izražajo IL-6R in niso dovzetne za cis-signaliziranje IL-6 (Rose-John, 
2012; Heinrich in sod., 2003). IL-6 je edini primer citokina, ki uporablja cis- in trans-
signalni poti in vivo (Jones in sod., 2011). Različne študije so pokazale, da cis-signalna pot 
obsega protivnetne funkcije IL-6, medtem ko je trans-signaliziranje tesno povezano s 
provnetnim delovanjem IL-6. Dokazano je bilo, da trans-signaliziranje IL-6 sodeluje pri 
razvoju, napredovanju in ohranjanju številnih kroničnih vnetnih bolezni, kot revmatoidni 
artritis (RA), multipla skleroza (MS) in Crohnova bolezen, ter različnih vrst raka. Zato 
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trans-signaliziranje IL-6 predstavlja idealno tarčo za razvoj novih protivnetnih zdravil 
(Waetzig in Rose-John, 2012). 
 
Prva biološka zdravila za zdravljenje kroničnih vnetnih bolezni na tržišču so večinoma 
delovala kot zaviralci TNF, antagonisti IL-6, zaviralci stimulatorjev T-celic in 
zmanjševalci B-celic. Ti biofarmacevtiki so se izkazali kot učinkoviti pri moderiranju 
hudih oblik boleznij, vendar pa je njihovo delovanje spremljalo veliko neželenih učinkov, 
kot so okužbe ter razvoj malignih in avtoimunskih obolenj (Štrukelj in Kos, 2007; Ogata in 
Tanaka, 2012; Atzeni in sod., 2015). Da bi zagotovili kar najboljše rezultate in zmanjšali 
profil neželenih učinkov, se je razvoj protivnetnih zdravil usmeril proti IL-6 in njegovih 
signalnih poti. Tocilizumab (Actemra), humanizirano anti-IL-6R monoklonsko protitelo, je 
bil eden prvih razvitih terapevtikov, usmerjenih proti signalnim potem IL-6 (Jones in sod., 
2011; Tanaka in Kishimoto, 2014). Kljub svoji splošni uspešnosti, pa ima Tocilizumab tudi 
veliko pomanjkljivosti. S svojim delovanjem namreč zavira tako provnetne kot tudi 
protivnetne funkcije IL-6, s čimer vpliva ne le na negativno tran-signaliziranja, temveč 
hkrati inhibira pomembne vitalne funkcije IL-6, regulirane s strani cis-signalne poti 
(Barkhausen in sod., 2011; Rose-John, 2012). Neželeni stranski učinki popolne inhibicije 
IL-6 so imunosupresija, povišana raven holesterola in trigliceridov, vnetje jeter in 
inzulinska rezistenca. Da bi se temu izognili, se je razvojna pot nadaljevala v smeri 
specifičnega zaviranja trans-signaliziranja IL-6 (Waetzig in Rose-John, 2012).  
 
Eden od načinov specifične blokade trans-signale poti IL-6 je uporaba topnega 
glikoproteina 130 (sGp130), ki deluje kot naravni antagonist trans-signaliziranja. sGp130 
je naravno prisoten v humanem serumu v koncentraciji 390 ± 72 ng/ml (Narazaki in sod., 
1993). Do danes so v humanem serumu in urinu odkrili štiri topne izooblike receptorja 
Gp130, in sicer z molekulsko maso 50, 90, 70–80 in 110 kDa (Narazaki in sod., 1993; 
Zhang in sod., 1998; Tanaka in sod., 2000; Sommer in sod., 2014). Najmanjša izooblika 
sGp130 je bila izsledena v sinovialni tekočini pacientov z RA. Poimenovali so jo sGp130-
RAPS (Tanaka in sod., 2000). Izoobliki sGp130 z 90 in 110 kDA so odkrili v humanem 
serumu in naj bi predstavljali endogeno prisotni izoobliki (Narazaki in sod., 1993). 
Omenjene tri topne izooblike Gp130 so nastale s pomočjo alternativnega izrezovanja 
eksonov v primarnem prepisu RNA (pre-mRNA) Gp130. Poleg njih sta bili odkriti še dve 
izoobliki, in sicer sGp130-Sharkey (Sharkey in sod., 1995) in sGp130-Diamant (Diamant 
in sod., 1997), katerih nastanek je prav tako povezan z alternativnim izrezovanjem 
eksonov. Ti dve izoobliki sta bili opisani zgolj na ravni informacijske RNA (mRNA) in ni 
jasno, ali se lahko prevedeta v proteina. Sommer in sodelavci (2014) pa so odkrili 
izoobliko sGp130, imenovano sGp130-E10, katere molekulska masa znaša med 70 in 
80 kDa. To je edina do zdaj znana izooblika sGp130, ki nastane z uporabo alternativne 
intronske poliadentilacije v intronu 10. Izooblike sGp130 nimajo nikakršne afinitete do 
prostega IL-6 ali sIL-6R in se ne vežejo na membranske IL-6R, lahko pa učinkovito vežejo 
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kompleks IL-6/sIL-6R in s tem preprečijo s trans-signaliziranjem posredovan celični odziv 
(Narazaki in sod., 1993; Jostock in sod., 2001).  
 
Alternativno izrezovanje je mehanizem, ki uravnava izražanje genov in omogoča 
kompleksno in funkcionalno heterogenost izraženega proteoma, navkljub relativno 
majhnemu številu humanih genov (Roberts in Smith, 2002; Bauman in sod., 2009). 
Predvidoma naj bi bilo alternativnemu izrezovanju podvrženih kar 70 % humanih genov 
(Bauman in sod., 2009). Kot že omenjeno, vse naravno prisotne izooblike topnega 
receptorja Gp130 nastanejo z alternativnim izrezovanjem eksonov v genu za Gp130. Pri 
sGp130-RAPS pride do alternativnega izrezovanja v eksonu 9, kar pomeni nastanek 
skrajšane izooblike proteina, ki ji primankuje transmembranske in citoplazemske domene 
(Tanaka in sod., 2000). sGp130-Diamant vsebuje 85 baznih parov dolgo intronsko 
retencijo med eksonoma 14 in 15, kar privede do skrajšanja proteina tik pred 
transmembransko regijo (Diamant in sod., 1997). Pri sGp130-Sharkey je alternativno 
izrezan ekson 15, kar pomeni nastanek krajšega proteina (Sharkey in sod., 1995) Zadnja 
izooblika sGp130 je sGp130-E10, ki ima alternativno poliadenilacijsko mesto v intronu 10 
(Sommer in sod., 2014). 
 
Eden od postopkov za spreminjanje alternativnega izrezovanja je uporaba 
oligonukleotidov, ki povzročijo preklopitev izrezovanja (SSO). SSO so kratki, sintetično 
modificirani oligonukleotidi, ki se specifično vežejo na ključne elemente izrezovanja na 
zaporedju mRNA in tako sterično ovirajo vezavo spajalno telesce (spliceosome), kar se 
odraža na spremenjenem izrezovanju (Havens in Hastings, 2016).  
 
Glavni cilj magistrske naloge je bil, da bi s pomočjo genske terapije preklopitve 
izrezovanja spodbudili alternativno izrezovanje eksonov 9 in 15 na pirmarnem prepisu 
glikoproteina 130, s čimer bi tvorili topni izoobliki glikoproteina 130, imenovani sGp130-
RAPS in sGp130-Sharkey. Topne izooblike, ki nimajo transmembranskih in 
citoplazemskih domen, so naravni antagonisti trans-signaliziranja IL-6, zato predstavljajo 
obetaven pristop k zdravljenju obolenj, ki so posledica provnetnega delovanja IL-6. Da bi 
pridobili topne izooblike, smo se poslužili več različnih pristopov. Najprej smo za tvorbo 
sGp130-RAPS in sGp130-Sharkey uporabili posebej izdelane oligonukleotide (2′O-Me-PS 
SSO), usmerjene proti spojitvenima mestoma 5′ in 3′ (5′ss/3′ss), ter eksonske ojačevalce 
(ESE) na Gp130 eksonih 9 in 15. Drugi pristop za pridobivanje topnih izooblik je bila 
uporaba protivnetne spojine epigallocatechin-3-galat (EGCG), ki jo najdemo v zelenem 
čaju. Tretji pristop pa je bila alternativna intronska poliadenilacija. Predpostavili smo, da 
bodo SSO povzročili preklapljanje izrezovanja v celicah, kar bi privedlo do dvojnega 
učinka: a) zmanjšanja števila receptorjev, vezanih na membrano, in b) tvorjenja topnih 
receptorjev Gp130, ki lahko delujejo kot antagonisti pri trans-signaliziranju IL-6. 
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Z uporabo 2′O-Me-PS SSO, usmerjenih proti Gp130 eksonu 9 in eksonu 15, smo uspešno 
izzvali alternativno izrezovanje in pridobili mRNA dveh topnih izooblik, sGP130-RAPS in 
sGP130-Sharkey, v različnih človeških in mišjih celicah. Z metodo ELISA smo preverili 
prisotnost topnih izooblik na ravni proteinov, kjer pa topnih proteinskih izoform ni bilo 
moč zaslediti. Na podlagi tega predpostavljamo, da so zaporedja mRNA topnih izooblik 
podlegla nesmiselno povzročenemu razpadu (NMD). Zaporedja mRNA s spremenjenim 
alternativnim izrezovanjem so namreč pogosto substrati NMD in se ne pretvarjajo v 
proteine. Tretiranje celic s SSO je privedlo do dvojnega zniževanja ravni izražanja Gp130, 
kar pomeni, da so oligonukleotidi vplivali na proizvodnjo tako topnih izooblik kot tudi 
celotnih, na membrano vezanih receptorjev Gp130. Za zdravljenje predstavlja dvojno 
zniževanje ravni izražanja Gp130 pozitivni vidik, saj omogoča zaviranje patogeneze 
bolezni, pri tem pa ohranja pomembne funkcije IL-6 nedotaknjene. Da SSO vplivajo na 
celokupno proizvodnjo receptorja Gp130 in ne le na proizvodnjo topnih oblik, smo prav 
tako potrdili s pretočno citometrijo. Za dodatno oceno antagonističnega potenciala sGp130 
smo reportersko linijo HeLa STAT3 tretirali z različnimi SSO. SSO so uspešno povzročili 
alternativno izrezovanje, kar se je odražalo v povečanemu številu sGp130 in posledično 
zmanjšani fosforilaciji STAT3. Z metodama ELISA in Western blot smo preverili vpliv 
EGCG na indukcijo alternativnega izrezovanja in produkcijo izooblik sGp130. Pri tem 
nismo opazili nikakršnih sprememb v količini sGp130 pri mišjih ali humanih celicah. Da bi 
se izognili nesmiselno povzročenemu razpadu pri zaporedjih mRNA, smo v humanem 
genu za Gp130 preverili prisotnost intronskih poliadenilacijskih mest (PAS); ta so bila 
domnevno prisotna v intronih 9, 10 in 11. Da bi to zagotovo potrdili, bi bilo treba opraviti 
dodatne poskuse. Poleg alternativne poliadenilacije je bilo v sekvenciranih zaporedjih moč 
opaziti tudi alternativno izrezovanje, kar kaže na to, da se v določenih pogojih alternativna 
poliadenilacija in alternativno izrezovanje lahko odvijata hkrati. Z metodama ELISA in 
Western blot nismo mogli dokazati, da so izooblike nastale kot posledica uporabe PAS. 
Tudi tu smo tako kot pri uporabi SSO uspešno pridobili izooblike sGp130 le na ravni 
mRNA, ne pa tudi na ravni proteinov. Na podlagi dobljenih rezultatov lahko zaključimo, 
da imata uporaba oligonukleotidov, ki povzročijo preklopitev izrezovanja, in uporaba 
naravno prisotnih intronskih poliadenilacijskih mest v genu za Gp130 potencial kot novi 
obliki terapije za zdravljenje kroničnih vnetnih bolezni. V prihodnosti bi torej obe metodi 
za pridobivanje topnih izooblik proteinov lahko uporabljali kot protivnetno zdravilo. 
  
85 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 





Aartsma-Rus A., Van Vliet L., Hirschi M., Janson A. A. M., Heemskerk H., de Winter C. 
L., de Kimpe S., Van Deutekom J. C. T., 't Hoen P. A. C, Van Ommen G. J. B. 2009. 
Guidelines for Antisense Oligonucleotide Design and Insight Into Splice-modulating 
Mechanisms. Molecular Therapy, 17, 3: 548–553 
 
Ahmed S., Marotte H., Kwan K., Ruth J. H., Campbell P. L., Rabquer B. J., Pakozdi A., 
Koch A. E. 2008. Epigallocatechin-3-gallate inhibits IL-6 synthesis and suppresses 
trans-signaling by enhancing soluble gp130 production. PNAS, 105, 38: 14692–14697 
 
Atzeni F., Gianturco L., Talotta R., Varisco V., Ditto M. C., Turiel M., Sarzi-Puttini P. 
2015. Investigating the potential side effects of anti-TNF therapy for rheumatoid 
arthritis: cause for concern? Immunotherapy, 7, 4: 353–361  
 
Barkhausen T., Tschernig T., Rosenstiel P., van Griensven M., Vonberg R. P., Dorsch M., 
Mueller-Heine A., Chalaris A., Scheller J., Rose-John S., Seegert D., Krettek C., 
Waetzig G. H. 2011. Selective blockade of interleukin-6 trans-signaling improves 
survival in a murine polymicrobial sepsis model. Critical Care Medicine, 39, 6: 1407–
1413 
 
Bauman J., Jearawiriyapaisarn N., Kole R. 2009. Therapeutic Potential of Splice-Switching 
Oligonucleotides. Oligonucleotides, 19: 1–13 
 
Bihl M. P., Heinimann K., Rüdiger J. J., Eickelberg O., Perruchoud A. P., Tamm M., Roth 
M. 2002. Identification of a Novel IL-6 Isoform Binding to the Endogenous IL-6 
Receptor. American Journal of Respiratory Cell and Molecular Biology, 27: 48–56 
 
Black D. L. 2003. Mechanisms of Alternative Pre-Messenger RNA Splicing. Annual 
Reviews of Biochemistry, 72: 1–64 
 
Cahill C. M., Rogers J. T. 2008. Interleukin (IL) 1β Induction of IL-6 Is Mediated by a 
Novel Phosphatidylinositol 3-Kinase-dependent AKT/IκB Kinase α Pathway Targeting 
Activator Protein-1. The Journal of Biological Chemistry, 283, 38: 25900–25912 
 
Camporeale A., Poli V. 2012. IL-6, IL-17 and STAT3: a holy trinity in auto-immunity? 
Frontiers in Bioscience, 1, 17: 2306–2326 
 
Chen M., Manley J. L. 2009. Mechanisms of alternative splicing regulation: insights from 
molecular and genomics approaches. Nature Reviews - Molecular Cell Biology, 10: 
741–754 
86 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Chiriboga C. A. 2017. Nusinersen for the treatment of spinal muscular atrophy. Expert 
Review of Neurotherapeutics, 17, 10: 955-962 
 
Denessiouk K. A., Denesyuk A. I., Johnson M. S. 2008. Negative modulation of signal 
transduction via interleukin splice variation. Proteins, 71: 751–770 
 
Diamant M., Rieneck K., Mechti N., Zhang X. G., Svenson M., Bendtzen K., Klein B. 
1997. Cloning and expression of an alternatively spliced mRNA encoding a soluble 
form of the human interleukin-6 signal transducer gpl30. FEBS Letters, 412: 379–384 
 
Dias N., Stein C. A. 2002. Antisense Oligonucleotides: Basic Concepts and Mechanisms. 
Molecular Cancer Therapeutics, 1: 347–355 
 
Gabay C. 2006. Interleukin-6 and chronic inflammation. Arthritis Research & Therapy, 8, 
2: 1–6 
 
Graziewicz M. A., Tarrant T. K., Buckley B., Roberts J., Fulton L., Hansen H., Ørum H., 
Kole R., Sazani P. 2008. An Endogenous TNF-α Antagonist Induced by Splice-
switching Oligonucleotides Reduces Inflammation in Hepatitis and Arthritis Mouse 
Models. Molecular Therapy, 16, 7: 1316–1322 
 
Hammond S. M., McClorey G., Nordin J. Z., Godfrey C., Stenler S., Lennox K. A., Smith 
E., Jacobi A. M., Varela M. A., Lee Y., Behlke M. A., Wood M. J., EL-Andaloussi S. 
2014. Correlating In Vitro Splice Switching Activity With Systemic In Vivo Delivery 
Using Novel ZEN-modified Oligonucleotides. Molecular Therapy - Nucleic Acids, 3: 
1–11 
 
Havens M. A., Duelli D. M., Hastings M. L. 2013. Targeting RNA splicing for disease 
therapy. Wiley Interdisciplinary Reviews RNA, 4: 247–266 
 
Havens M. A, Hastings M. L. 2016. Splice-switching antisense oligonucleotides as 
therapeutic drugs. Nucleic Acids Research, 44, 14: 6549–6563 
 
Heink S., Yogev N., Garbers C., Herwerth M., Aly L., Gasperi C., Husterer V., Croxford 
A. L., Möller-Hackbarth K., Bartsch H. S., Sotlar K., Krebs S., Regen T., Blum H., 
Hemmer B., Misgeld T., Wunderlich T. F., Hidalgo J., Oukka M., Rose-John S., 
Schmidt-Supprian M., Waisman A., Korn T. 2017. Trans-presentation of IL-6 by 
dendritic cells is required for the priming of pathogenic TH17 cells. Nature 
Immunology, 18, 1: 74–85 
 
87 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Heinrich P. C., Behrmann I., Haan S., Hermanns H. M., Müller-Newen G., Schaper F. 
2003. Principles of interleukin (IL)-6-type cytokine signalling and its regulation. 
Biochemical Journal, 374: 1–20 
 
HEK-Blue™ IL-6 Cells: Interleukin 6 sensor cells. Version 16I13-MM. San Diego, 




Hibi M., Murakami M., Saito M., Hirano T., Taga T., Kishimoto T. 1990. Molecular 
Cloning and Expression of an IL-6 Signal Transducer, gp130. Cell, 63: 1149–1157 
 
Hirano T., Yasukawa K., Harada H., Taga T., Watanabe Y., Matsuda T., Kashiwamura S., 
Nakajima K., Koyama K., Iwamatsu A., Tsunasawa S., Sakiyama F., Matsui H., 
Takahara Y., Taniguchi T., Kishimoto T. 1986. Complementary DNA for a novel 
human interleukin (BSF-2) that induces B lymphocytes to produce immunoglobulin. 
Nature, 324: 73–76  
 
Hirano T., Taga T., Yasukawa K., Nakajima K., Nakano N., Takatsuki F., Shimizu M., 
Murashima A., Tsunasawa S., Sakiyama F., Kishimoto T. 1987. Human B-cell 
differentiation factor defined by an anti-peptide antibody and its possible role in 
autoantibody production. PNAS, 84: 228–231  
 
Honda M., Yamamoto S., Cheng M., Yasukawa K., Suzuki H., Saito T., Osugi Y., 
Tokunaga T., Kishimoto T. 1992. Human soluble il-6 receptor: its detection and 
enhanced release by HIV infection. The Journal of Immunology, 148, 7: 2175–2180 
 
Houssiau F. A., Devogelaer J. P., Van Damme J. O., Nagant De Deuxchaisnes C., Van 
Snick J. 1988. Interleukin-6 in synovial fluid and serum of patients with rheumatoid 
arthritis and other inflammatory arthritides. Arthritis and Rheumatism, 31, 6: 784–788 
 
Hurst S. M., Wilkinson T. S., McLoughlin R. M., Jones S., Horiuchi S., Yamamoto N., 
Rose-John S., Fuller G. M., Topley N., Jones S. A. 2001. IL-6 and Its Soluble Receptor 
Orchestrate a Temporal Switch in the Pattern of Leukocyte Recruitment Seen during 
Acute Inflammation. Immunity, 14: 705–714 
 
Järver P., Zaghloul E. M., Arzumanov A. A., Saleh A. F., McClorey G., Hammond S. M., 
Hällbrink M., Langel Ü., Smith E., Wood M. J. A., Gait M. J., EL Andaloussi S. 2015. 
Peptide Nanoparticle Delivery of Charge-Neutral Splice-Switching Morpholino 
Oligonucleotides. Nucleic Acid Therapeutics, 25, 2: 65–77 
 
88 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Jones S. A., Scheller J., Rose-John S. 2011. Therapeutic strategies for the clinical blockade 
of IL-6/gp130 signaling. The Journal of Clinical Investigation, 121, 9: 3375–3383 
 
Jostock T., Müllberg J., Özbek S., Atreya R., Blinn G., Voltz N., Fischer M., Neurath M. 
F., Rose-John S. 2001. Soluble gp130 is the natural inhibitor of soluble interleukin-6 
receptor trans-signaling responses. European Journal of Biochemistry, 268: 160–167 
 
Juliano R. L., Ming X., Nakagawa O. 2012. The Chemistry and Biology of 
Oligonucleotide Conjugates. Accounts of Chemical Research, 45, 7: 1067–1076 
 
Kang S. H., Cho M. J., Kole R. 1998. Up-Regulation of Luciferase Gene Expression with 
Antisense Oligonucleotides: Implications and Applications in Functional Assay 
Development. Biochemistry, 37, 18: 6235–6239 
 
Kang S. H., Tanaka T., Kishimoto T. 2014. Therapeutic uses of anti-interleukin-6 receptor 
antibody. International Immunology, 27, 1: 21–29 
 
Kishimoto T. 1989. The Biology of Interleukin-6. The Journal of The American Society of 
Hematology, 74, 1: 1–10 
 
Kole R., Leppert B. J., 2012. Targeting mRNA Splicing as a Potential Treatment for 
Duchenne Muscular Dystrophy. Discovery Medicine, 14, 74: 59–69 
 
Kosova A. A., Khodyreva S. N., Lavrik O. I. 2017. Role of glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) in DNA repair. Biochemistry, 82, 6: 643–654 
 
Lacroix M., Rousseau F., Guilhot F., Malinge P., Magistrelli G., Herren S., Jones S. A., 
Jones G. W., Scheller J., Lissilaa R., Kosco-Vilbois M., Johnson Z., Buatois V, Ferlin 
W. 2015. Novel Insights into IL-6 Cis- and Trans-Signaling Pathways by Differentially 
Manipulating the Assembly of the IL-6 Signaling Complex. Journal of Biological 
Chemistry, 290, 45: 26943–26953 
 
Libermann T. A., Baltimore D. 1990. Activation of Interleukin-6 Gene Expression through 
the NF-κB Transcription Factor. Molecular and Cellular Biology, 10, 5: 2327–2334 
 
Lim K. R. Q., Maruyama R., Yokota T. 2017. Eteplirsen in the treatment of Duchenne 
muscular dystrophy. Drug Design, Development and Therapy 2017:11 533–545 
 
Lykke-Andersen S., Jensen T. H. 2015. Nonsense-mediated mRNA decay: an intricate 
machinery that shapes transcriptomes. Nature Reviews - Molecular Cell Biology, 16: 
665–677 
89 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Matlin A. J., Clark F., Smith C. W. J. 2005. Understanding alternative splicing: towards a 
cellular code. Nature Reviews - Molecular Cell Biology, 6: 386–398 
 
Mesquida M., Leszczynska A., Llorenç V., Adán A. 2014. Interleukin-6 blockade in ocular 
inflammatory diseases. Clinical and Experimental Immunology, 176: 301–309 
 
Muraguchi A., Kishimoto T., Miki Y., Kuritani T., Kaieda T., Yoshizaki K., Yamamura Y. 
1981. T cell-replacing factor- (TRF) induced IgG secretion in a human B blastoid cell 
line and demonstration of acceptors for TRF. The Journal of Immunology, 127, 2: 412–
416 
 
Narazaki M., Yasukawa K., Saito T., Ohsugi Y., Fukui H., Koishihara Y., Yancopoulos G. 
D., Taga T., Kishimoto T. 1993. Soluble Forms of the Interleukin-6 Signal-Transducing 
Receptor Component gp130 in Human Serum Possessing a Potential to Inhibit Signals 
Through Membrane-Anchored gp130. Blood, 82, 4: 1120–1126 
 
Nowell M. A., Richards P. J., Horiuchi S., Yamamoto N., Rose-John S., Topley N., 
Williams A. S., Jones S. A. 2003. Soluble IL-6 Receptor Governs IL-6 Activity in 
Experimental Arthritis: Blockade of Arthritis Severity by Soluble Glycoprotein 130. 
The Journal of Immunology, 171: 3202–3209 
 
Ogata A., Tanaka T. 2012. Tocilizumab for the Treatment of Rheumatoid Arthritis and 
Other Systemic Autoimmune Diseases: Current Perspectives and Future Directions. 
International Journal of Rheumatology, 2012: 946048, doi: 10.1155/2012/946048: 14 p. 
 
Padberg F., Feneberg W., Schmidt S., Schwarz M. J., Körschenhausen D., Greenberg B. 
D., Nolde T., Müller N., Trapmann H., König N., Möller H. J., Hampel H. 1999. CSF 
and serum levels of soluble interleukin-6 receptors (sIL-6R and sgp130/, but not of 
interleukin-6) are altered in multiple sclerosis. Journal of Neuroimmunology, 99: 218–
223 
 
Paronetto M. P., Passacantilli I., Sette C. 2016. Alternative splicing and cell survival: from 
tissue homeostasis to disease. Cell Death and Differentiation, 23: 1919–1929 
 
Plank M. W., Kaiko G. E., Maltby S., Weaver J., Tay H. L., Shen W., Wilson M. S., 
Durum S. K., Foster P. S. 2017. Th22 Cells Form a Distinct Th Lineage from Th17 
Cells In Vitro with Unique Transcriptional Properties and Tbet-Dependent Th1 




Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Richards P. J., Nowell M. A., Horiuchi S., McLoughlin R. M., Fielding C. A., Grau S., 
Yamamoto N., Ehrmann M., Rose-John S., Williams A. S., Topley N., Jones S. A. 
2006. Functional Characterization of a Soluble gp130 Isoform and Its Therapeutic 
Capacity in an Experimental Model of Inflammatory Arthritis. Arthritis & Rheumatism, 
54, 5: 1662–1672 
 
Robak T., Gladalska A., Stepien H., Robak E. 1998. Serum levels of interleukin-6 type 
cytokines and soluble interleukin-6 receptor in patients with rheumatoid arthritis. 
Mediators of Inflammation, 7: 347–353 
 
Roberts G. C., Smith C. W. J. 2002. Alternative splicing: combinatorial output from the 
genome. Current Opinion in Chemical Biology, 6: 375–383 
 
Roca X., Krainer A. R. 2009. Recognition of atypical 5′ splice sites by shifted base-pairing 
to U1 snRNA. Nature Structural & Molecular Biology, 16, 2: 176–182 
 
Rose-John S. 2012. IL-6 Trans-Signaling via the Soluble IL-6 Receptor: Importance for the 
Pro-Inflammatory Activities of IL-6. International Journal of Biological Sciences, 8, 9: 
1237–1247 
 
Sazani P., Gemignani F., Kang S. H., Maier M. A., Manoharan M., Persmark M., Bortner 
D., Kole R. 2002. Systemically delivered antisense oligomers upregulate gene 
expression in mouse tissues. Nature Biotechnology, 20: 1228–1233 
 
Scambia G., Testa U., Benedetti Panici P., Foti E., Martucci R., Gadducci A., Perillo A., 
Facchini V., Peschle C., Mancuso S. 1995. Prognostic significance of interleukin 6 
serum levels in patients with ovarian cancer. British Journal of Cancer, 71: 354–356 
 
Scheller J., Chalaris A., Schmidt-Arras D., Rose-John S. 2011. The pro- and anti-
inflammatory properties of the cytokine interleukin-6. Biochimica et Biophysica Acta, 
1813: 878–888 
 
Sharkey A. M., Dellow K., Blayney M., Macnamee M., Charnock-Jones S., Smith S. K. 
1995. Stage-Specific Expression of Cytokine and Receptor Messenger Ribonucleic 
Acids in Human Preimplantation Embryos. Biology of Reproduction, 53: 955–962 
 
Smith S. R., Morgan L. 1997. Soluble IL-6R in plasma cell dyscrasias. Leukemia & 




Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Sommer J., Garbers C., Wolf J., Trad A., Moll J. M., Sack M., Fischer R., Grötzinger J., 
Waetzig G. H., Floss D. M., Scheller J. 2014. Alternative Intronic Polyadenylation 
Generates the Interleukin-6 Trans-signaling Inhibitor sgp130-E10. The Journal of 
Biological Chemistry, 289, 32: 22140–22150 
 





Straub R. H., Schradin C. 2016. Chronic inflammatory systemic diseases - An evolutionary 
trade-off between acutely beneficial but chronically harmful programs. Evolution, 
Medicine, and Public Health, 1: 37–51 
 
Szalai C., Tóth S., Falus A. 2000. Exon–intron organization of the human gp130 gene. 
Gene, 243: 161–166 
 
Štrukelj B., Kos J. 2007. Biološka zdravila: Od gena do učinkovine. 1st edition. Ljubljana, 
Slovensko Farmacevtsko Društvo: 673 p. 
 
Tanaka M., Kishimura M., Ozaki S., Osakada F., Hashimoto H., Okubo M., Murakami M., 
Nakao K. 2000. Cloning of novel soluble gp130 and detection of its neutralizing 
autoantibodies in rheumatoid arthritis. The Journal of Clinical Investigation, 106, 1: 
137–144 
 
Tanaka T., Kishimoto T. 2012. Targeting Interleukin-6: All the Way to Treat Autoimmune 
and Inflammatory Diseases. International Journal of Biological Sciences, 8, 9: 1227–
1236 
 
Tanaka T., Kishimoto T. 2014. The Biology and Medical Implications of Interleukin-6. 
Cancer Immunology Research, 2, 4: 288–294  
 
Tanaka T., Narazaki T., Kishimoto T. 2014. IL-6 in Inflammation, Immunity, and Disease. 
Cold Spring Harbor Perspectives in Biology, 6, 10: 1–16 
 
Tian B., Pan Z., Lee J. Y. 2007. Widespread mRNA polyadenylation events in introns 
indicate dynamic interplay between polyadenylation and splicing. Genome Research, 
17:156–165 
 
Venkiteshwaran A. 2009. Tocilizumab. mAbs, 1, 5: 432–438  
 
92 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 




Vorlová S., Rocco G., LeFave C. V., Jodelka F. M., Hess K., Hastings M. L., Henke E., 
Cartegni L. 2011. Induction of Antagonistic Soluble Decoy Receptor Tyrosine Kinases 
by Intronic PolyA Activation. Molecular Cell, 43, 6: 1–25 
 
Waetzig G. H., Rose-John S. 2012. Hitting a complex target: an update on interleukin-6 
trans-signalling. Expert Opinion on Therapeutic Targets,16, 2: 225–236 
 
Waage A., Brandtzaeg P., Halstensen A., Kierulf P., Espevik T. 1989. The complex pattern 
of cytokines in serum from patients with meningococcal septic shock - Association 
between Interleukin 6, Interleukin 1, and Fatal Outcome. The Journal of Experimental 
Medicine, 169: 333–338 
 
Xu Z., Xiao S. B., Xu P., Xie Q., Cao L., Wang D., Luo R., Zhong Y., Chen H. C., Fang L. 
R. 2011. miR-365, a Novel Negative Regulator of Interleukin-6 Gene Expression, Is 
Cooperatively Regulated by Sp1 and NF-κB*. The Journal of Biological Chemistry, 
286, 24: 21401–21412 
 
Yeo G. W. 2014. Systems Biology of RNA Binding Proteins. New York, Springer: 307–
310 
 
Yoshimoto Ta., Yoshimoto To. 2014. Cytokine Frontiers, Regulation of immune responses 
in health and disease. Tokyo, Springer: 396 p. 
 
Yudkin J. S., Kumari M., Humphries S. E., Mohamed-Ali V. 2000. Inflammation, obesity, 
stress and coronary heart disease: is interleukin-6 the link? Atherosclerosis, 148: 209–
214 
 
Zammarchi F., De Stanchina E., Bournazou E., Supakorndej T., Martires K., Riedel E., 
Corben A. D., Bromberg J. F., Cartegni L. 2011. Antitumorigenic potential of STAT3 
alternative splicing modulation. PNAS, 108, 43: 17779–17784 
 
Zhang J. G, Zhang Y., Owczarek C. M., Ward L. D., Moritzi R. L., Simpsoni R. J., 
Yasukawa K., Nicola N. A. 1998. Identification and Characterization of Two Distinct 
Truncated Forms of gp130 and a Soluble Form of Leukemia Inhibitory Factor Receptor 
a-Chain in Normal Human Urine and Plasma. The Journal of Biological Chemistry, 
273, 17: 10798–10805 
 
Zhang J. M., Jianxiong A. 2007. Cytokines, Inflammation and Pain. International 
Anesthesiology Clinics, 45, 2: 1–10  
 
Orehek S. Modulation of IL-6 signaling axis by splice-switching gene therapy … chronic inflammatory diseases. 






There are many people to whom I would like to express my gratitude. 
 
To Prof. Borut Štrukelj, for his mentoring, kindness, help and useful comments. 
 
To my co-supervisor, Assist. Prof. Samir El-Andaloussi, for the opportunity to do my 
internship in his group, for his positive energy, support and encouragement. 
 
To Dhanu Gupta, for teaching me the laboratory techniques and methods, for guiding me 
and giving me the opportunity to work independently, but still being there every time I 
needed some advice and help. Thank you for fun times, chocolates, “good” music and 
“serious” chats. 
 
To Maruša Ramšak – I could not have done it without you. Thank you for having my back, 
for being my buddy in Sweden and doing everything with me. 
 
To Giulia Corso and Helena Sork, for being my life saviours. Thank you for the tips and 
tricks that you taught me, for the laughter, snacks and conversations. 
 
To the rest of the group, for making my stay, for proper Swedish fikas, and for the fun 
things we have done together. 
 
Rada bi se zahvalila štipendiji Ad futura za finančno podporo. 
 
Hvala Prof. Simonu Horvatu za recenzijo in koristne komentarje ter Alenki Lavrin za 
lekturo. 
 
Ogromna zahvala gre moji družini, še posebej mami, očetu, babici in dediju. Hvala vam, 
ker ste mi vedno stali ob strani, me podpirali, spodbujali in vselej, ne glede na vse, verjeli 
vame. Za to sem vam neskončno hvaležna. 
 
Posebna zahvala gre mojemu Janu – zaradi tebe sem boljša oseba. 
 
Na koncu bi se rada zahvalila še vsem svojim prijateljem, ki so naredili moja študijska leta 
zabavna in nepozabna. 
